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QUANTITATIVE DROP ANALYSIS 
XIII. THE FORMOL TITRATION OF AMINO NITROGEN* 
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(From the Division of Biochemistry, University of California Medical School, 
Berkeley) 


(Received for publication, January 8, 1941) 


In the course of certain studies of the metabolism and nitrogen 
utilization of animal tissues growing in in vitro culture, it became 
necessary to determine changes in amino nitrogen content of the 
culture medium. This material, composed of blood plasma and 
embryo extract or fractions of these constituents, was available 
only in small quantity and had a very low content of amino nitro- 
gen, making necessary the application of drop scale methods for 


its analysis. 

Although numerous procedures have been employed for the 
determination of amino nitrogen in various types of materials, 
relatively few have been found applicable for ultramicrodetermina- 
tion of this constituent. Linderstrém-Lang and Holter (1) 
first adapted the alcohol titration method to the ultramicro scale 
for determination of hydrolysis of peptides of low molecular weight 
by thin sections of plant and animal tissues. In this type of 
substrate, the method was shown to be both adequate and simple. 
For application to biological materials of more complex composi- 
tion, the formol titration originated by S¢érensen (2) has proved 
more satisfactory on the macro scale than most other methods. 
In line with this, Borsook and Dubnoff (3) recently developed an 
ultramicroprocedure in which the formol titration was carried out 
electrometrically with the glass electrode, along the lines in- 
vestigated earlier by Dunn and Loshakoff (4). No data were 
quoted for evaluation of their procedure except a claim of better 
than +2 per cent accuracy. It is well recognized (5, 2) that the 


* Aided by grants from the Rockefeller Foundation and the Research 
Board of the University of California. 
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formol titration is an empirical method which yields quite different 
recoveries with different amino acids and with different titration 
conditions. With the unknown mixtures found in biological 
materials, the recovery will not usually be quantitative or known, 
but may have considerable comparative value. Only a limited 
number of amino acids yield recoveries of approximately 100 per 
cent, a few dropping to values as low as 50 to 80 percent. In view 
of these facts, it is possible that the claim of Borsook and Dubnoff 
refers to precision rather than accuracy, or that compensating 
errors in their particular material balanced the known deficiencies 
of recovery. 

It seemed desirable to ascertain whether indicators could be 
used for drop scale determinations of amino nitrogen by the drop 
scale formol titration, and to compare the data so obtained with 
those obtained by the procedure of Borsook and Dubnoff. The 
method here described, while definitely simpler than the electro- 
metric titration, is shown to have a comparable accuracy and 
precision when tested with pure amino acids, and to agree quite 
well with the published data obtained by use of the macro formol 
titration. Its application to the analysis of embryo extract was 
also incompletely studied in connection with recovery of added 
amino acids when various deproteinizing agents were used. This 
work will be presented in detail in a later publication. 


EXPERIMENTAL 


Reagents- 

1. Stock amino acid solutions were prepared by weighing the 
proper quantity of each to yield a 0.01 m solution, with purified 
and analyzed samples of amino acid and redistilled water. The 
amino acids used were glycine, glutamic acid, serine, lysine, 
histidine, and phenylalanine, all of which were highly purified 
samples available in the laboratory. 

2. Formaldehyde solutions were prepared from Merck reagent 
grade formaldehyde, 36 to 38 per cent, diluted with redistilled 
water to various strengths, usually 1 volume of formaldehyde 
with 2 volumes of water. ‘ 

3. Indicator solution, usually phenolphthalein in 0.03 per cent 
solution in 50 per cent alcohol. This was diluted with an equal 
volume of water before use. 
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Apparatus—The apparatus used was, for the most part, the 
standard drop analysis equipment,' a preliminary description of 
which has been published by Kirk (6). The burette was an im- 
proved form of the universal capillary type shown, respectively, 





Fig. 1. Front assembly of the universal type capillary burette 





Fic. 2. Rear assembly of the universal type capillary burette 


in front and rear views in Figs. 1 and 2. It had a total capacity of 
about 0.1 ml., and was capable of a precision in reading of +0.03 


' All apparatus, except electrical measuring instruments, was obtained 
from the Microchemical Specialties Company, Berkeley. 
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\.2 Samples and reagents were measured with the same pre- 
cision by use of capillary pipettes calibrated with mercury for 
content, and washed out with a little water to avoid drainage 
errors. Their form and that of the pipette control are shown in 














Fig. 4. Cross-section of the glass electrode titration vessel. B repre- 
sents an inverted glass electrode; C, a burette; D, a reference calomel cell; 
E, a glass tube; A, cup assembly, consisting of a, a central block; 6, a lower 


cup; c, an upper inverted cup. 


cross-section in Fig. 3. The pipettes were constructed with a 
taper on the upper end so as to slip through a rubber gasket 
encased in a metal fitting on the end of a 0.5 ml. syringe barrel. 


21 = 1 microliter = 0.001 ml. (6). 
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Electrometric titrations were performed by use of a glass 
electrode used in conjunction with a vacuum tube galvanometer 
and a Leeds and Northrup hydrogen ion potentiometer. The 
details of the glass electrode vessel may be seen in cross-section in 
Fig. 4. B is an inverted glass electrode constructed from Corning 
No. 015 glass by blowing a bulb and sucking in a depression, the 
latter serving as a titration vessel. All of the bulb except the 
depression was coated with paraffin on the outside. The bulb 
was filled with 0.1 Nn hydrochloric acid solution saturated with 
quinhydrone, inverted, and inserted into the chamber, the lower 
part of which had been filled with the same reference solution. 
The outside chamber A was constructed of the synthetic plastic, 
lucite, by use of a lathe, being made in three parts, b a lower cup, 
aa central block drilled as shown, and an upper inverted cup (c) 
also drilled for insertion of a reference calomel cell D, a burette C, 
and a glass tube Z. Through the last, nitrogen was blown on 
the surface of the sample to produce a whirling action, which 
effectively stirred it and prevented entrance of atmospheric 
carbon dioxide during titration. 


Procedure 


Indicator Method—A sample (about 50 \ of 0.01 M amino acid 
solution) was carefully measured with rinsing into a porcelain 
titrating dish. To this a known quantity (usually about 10 A) 
of diluted phenolphthalein solution was added, and the sample 
titrated to a faint pink color by use of standard (about 0.02 n) 
sodium hydroxide. This preliminary end-point was chosen be- 
cause it obviated the necessity of using a second indicator. A 
volume of formaldehyde, diluted as stated above and equal to the 
volume of the sample, was then added. The mixture was again 
titrated to the phenolphthalein end-point while being stirred. 
A blank value was determined with distilled water instead of the 
sample to correct for indicator and formaldehyde titers. These 
values normally ran from 0.5 to 1.0}. The volume used in the 
second titration of the sample was then corrected by subtraction 
of the corresponding blank and calculated in terms of amino 
nitrogen. In case of ammonia or ammonium salts being present 
in the sample, it is necessary to make proper analysis for their 
presence. Theoretically, the ammonium ion is nearly quantita- 
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tively determinable by use of the formol titration, but the re- 
covery is, to a considerable extent, dependent on the particular 
shade of pink chosen as the end-point before addition of formalde- 
hyde. Complete recovery of ammonia may not be obtained by 
the method given, and it is always advisable to run a controlled 
determination on known amounts of ammonia in order to make 
proper allowance for this factor. The independent estimation of 
ammonia and the application of the recovery factor properly 
corrected the amino nitrogen values for the ammonia present. 

Electrometric Method—With the electrometric set-up as de- 
scribed, the titration was run by essentially the same method as 
outlined by Borsook and Dubnoff (3). In this case, the sample 
was measured as before and placed in the depressed cup of the 
glass electrode. It was adjusted to pH 7, the electrode being 
used to determine this point. Formaldehyde previously adjusted 
to pH 5 was added in equal volume, and the mixture titrated to a 
final pH of 8. A blank value was determined as before and 
subtracted from the titer of the unknown. In order to assure the 
reliability of the electrode, frequent checks against standard 
buffers were made, and a constancy to +2 millivolts throughout 
the period of titration was maintained. 


Results 


Indicator Method—In developing a proper procedure for drop 
scale formol titration, it was necessary to study the various factors 
concerned. There are only two important variables which may 
cause difficulty; namely, the effect of formaldehyde concentration 
and the effect of the indicator chosen. The first factor was studied 
by making a series of determinations on 0.01 m solution of serine, 
with variable concentrations of formaldehyde. The data are 
shown in Table I. It is readily apparent that the optimum con- 
centration was 1 volume of the formaldehyde diluted with 2 
volumes of redistilled water to give a final formaldehyde con- 
centration after titration of about 2.7 per cent. This figure is 
definitely lower than that used by S¢rensen (2), and was somewhat 
lower than that of Borsook and Dubnoff (3). That this factor 
may vary on the drop scale from the optimum concentration 
when larger volumes are used is entirely possible and not contrary 
to experience with other reagents. In order to check the effect 
of the end-point chosen, thymolphthalein, methyl red, phenol red, 
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a-naphtholphthalein, phenolphthalein, and alizarin yellow were 
used. Of this group of indicators, phenolphthalein was found to 
be definitely the most favorable. Thymolphthalein has been 
widely used, but this indicator did not allow a clear end-point on 
the drop scale. The other indicators, except phenol red, gave 
poor end-points in the presence of formaldehyde. Phenolphthalein 
gave better recoveries than the latter indicator owing to its higher 
pH of color change. Some fading of end-point is occasionally 
encountered with phenolphthalein owing to absorption of carbon 
dioxide from the atmosphere. Appreciable error from this source 
was avoided by titrating reasonably rapidly to the first perceptible 
pink, and disregarding fading after this point. Table II shows 


TaBLe [ 
Effect of Formaldehyde Concentration 
Sample, 50.87 \ of 0.01 m serine solution = 7.12 y of N. 




















Formaldehyde dilution formaldehyde eo Recovery 
concentration 

per cent Y per cent 
36-38% undiluted s 4.70 66 
4.76 67 
1 volume HCHO to 1 volume re- 4 5.84 82 
distilled water 5.48 77 
1 volume HCHO to 2 volumes re- 2.7 6.62 93 
distilled water 6.83 96 
1 volume HCHO to 3 volumes re- 2 6.05 85 
distilled water 6.19 87 





the results of the application of this simple titration method to the 
determination of amino nitrogen in six amino acids. These were 
chosen to represent all of the general types of amino acids without 
any effort to include all of the available ones. Recovery data 
indicate that, with the exception of certain neutral and dicar- 
boxylie acids, definitely low results are to be expected. This 
finding is again in accordance with that of S¢rensen and subsequent 
investigators. In general, the data agree rather closely with those 
of Sdrensen. 

In view of the rather wide use of glass electrodes as indicator 
instruments in the formol titration, the electrode technique de- 
scribed was applied to the same series of amino acids. The 
details of formaldehyde concentration and end-points chosen were 
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taken from Borsook and Dubnoff’s description (3). An initial 
pH of 7 was used, and the formaldehyde added had been pre- 
viously adjusted to pH 5. The mixture was finally titrated to 
pH 8, all of these values being those used by the above authors. 
The results of these titrations are shown in Table IT. 


TaB_e II 
Indicator and Electrometric Formol Titrations of 0.01 a Amino Acid Solutions 


























| Indicator method Electrometric method 
a Volume 0% — | Re- | Vol- 7% — | Re- . 
sample | found ies ume jsample| found |°°V®Y 
» | ¥ es 1 a y + | & 
Glycine 50.87 | 7.12 | 7.08 | 99 | 93.90) 13.14) 11.62 | 88 
7.01 | 98 | 11.78 | 90 
7.09 | 99) 11.49 | 89 
7.09} 99) 11.62 | 88 
Glutamic acid 50.87 | 7.12| 6.85 | 96] 56.36] 7.89] 7.88 | 100 
| 7.15 | 101 8.08 | 102 
| 32.38 | 4.53] 4.74 | 104 | 7.88 | 100 
| | 4.74 | 104 | | 7.90 | 101 
Serine | 50.87 | 7.12) 6.56 | 92) 95.85) 13.42) 13.17 | 98 
| 6.56 | 92 | 12.05 | 90 
| 6.48 | 91 | 12.73 | 95 
| 6.37 | 90 | 11.54 | 86 
Phenylalanine | 50.87 | 7.12| 4.97] 70 | 50.87; 7.12] 4.52] 64 
| | 5.12 | 72 | 4.55 | 64 
| | 4.11] 58) 4.47 | 63 
| | | 5.08 | 71 | 4.57 | 64 
Histidine 50.87 | 14.23 | 9.46 | 67 | 50.87) 14.23) 11.61 | 82 
| | 9.56 | 67 | 11.52 | 81 
| 9.41 | 66 | 11.57 | 81 
| 9.55 | 67) 11.64 | 82 
Lysine | 50.87 | 14.23 | 10.16 | 72 | 50.87} 14.23) 6.84 | 48 
| | 10.60 | 74 | 7.04} 49 
| 9.92) 7 7.24| 51 
| | 10.12} 71 | 7.32 | 51 





In three cases, the recovery figures are equal to, or greater than, 
those of the indicator method. In the remainder, they are even 
lower. The variability between results with the same amino 
acid is at least as great in most instances as with the indicator 


procedure. 
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The general inferiority of the electrometric results to those of 
the indicator method is unquestionably not due to the use of the 
glass electrode, but rather to the particular pH values chosen in 
the titration. It is, for example, not clear why formaldehyde 
solutions should be adjusted to pH 5, which allows a large blank. 
As a general rule, a final pH of 9 is theoretically better than one of 
8 as used in this study. The choice of these values by the authors 
quoted was undoubtedly made from empirical considerations 
which were correct for their particular system, but not useful for 
pure amino acids nor for systems of other types. In any case, it 
is preferable from a theoretical standpoint to employ a glass 
electrode because it is free of most of the criticisms which may be 
made of the indicator method. At the same time, the greater 


TaBLe III 
Indicator Formol Titration of Ammonia 
Sample, 73.04 \ of 0.01 m ammonium chloride solution = 10.22 y of N. 








Ammonia N found | Recovery 
7 per cent 

7.56 | 74 
7.55 74 
7.62 | 74 
7.67 75 
7.90 77 

74 


~] 
i. 
| & 





simplicity and speed of the latter method justify its use for all but 
the most critical determinations. 

Interference of Ammonia—lIt is well known that ammonia is 
titrated in the formol titration and, if present along with the 
amino acid, will appear as an error in the determination. The 
interference from this material may be eliminated by its complete 
removal (aeration from the basic solution), or more commonly by 
determining the ammonia separately and subtracting an appro- 
priate correction. Since the ammonia may not be determined 
quantitatively by the formol titration, the determination of this 
correction factor must be made by determining the percentage 
recovery of ammonia under the conditions used. Ammonia 
has a dissociation constant very close to that of phenolphthalein, 
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a fact which makes the recovery quite dependent on the shade of 
color chosen in the adjustment of the first end-point. For this 
reason, different analysts will obtain different recovery figures 
which will, however, usually be quite consistent with the particular 
analyst. Table III shows typical data obtained by one analyst 
who was running the determination for the first time. It is seen 
that a reasonable precision is obtained, yielding a negligible 
variation in the amino acid figures when the ammonia recovery is 
used merely as a correction. 


SUMMARY 


A drop scale formol titration for determination of amino nitrogen 
with simple indicators is described. 

The results of the indicator method are compared with results 
obtained by the method of Borsook and Dubnoff in which electro- 
metric titration is used. 

The method is shown to be comparable with the macro formol 
titration in recovery and accuracy, but applicable to very much 
smaller quantities of material. 
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QUANTITATIVE DROP ANALYSIS 
XIV. POTENTIOMETRIC DETERMINATION OF CHLORIDE* 
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(From the Division of Biochemistry, Medical School, and the Department of 
Zoology, University of California, Berkeley) 


(Received for publication, January 8, 1941) 


In connection with a proposed investigation of ion accumulation 
in Paramecium caudatum, it was necessary to have available a 
quantitative ultramicromethod for the determination of chloride 
in fluids of biological origin, capable of determining down to 2 or 
3 y of chloride, with an error not exceeding 1 per cent. Four 
ultramicromethods for chloride have been described in the litera- 
ture. Conway (1) has published the details of a diffusion method 
in which chloride was quantitatively oxidized under suitable con- 
ditions, and the chlorine gas thus formed diffused into 20 per cent 
potassium iodide solution. When more than 35 y of chloride was 
present, the triiodide formed was titrated with dilute thiosulfate 
solution. Below 35 y of chloride, the estimation of the triiodide 
was carried out colorimetrically. As is well known, the error of 
colorimetric methods, in general, is of the order of several per cent. 
The Conway method, therefore, was not satisfactory for our needs. 

Schwarz (2), in a general description of potentiometric titrations 
on an ultramicro scale, included detailed directions for the argento- 
metric titration of chloride in amounts ranging from about 5 to 
1.5 y of chloride with a precision of about 0.5 per cent. The 
Schwarz method of titration in a platinum loop is not adapted to 
samples of various volumes, and does not readily lend itself to 
quantitative transfer of liquid samples or ash solution to the 
titration loop. Schwarz did not investigate the application of 
his method to biological fluids. 


* Aided by grants from the Rockefeller Foundation, the American 
Philosophical Society, and the Research Board of the University of Cali- 
fornia. 
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Linderstrém-Lang, Palmer, and Holter (3) modified the Schwarz 
method and made it adaptable to routine handling of biological 
materials, but, in so doing, raised the lower limit of applicability 
and diminished the accuracy of the method to such an extent that 
it was unsatisfactory for the purpose in hand. 

Wigglesworth (4) developed a method for determining the 
chloride content of the blood of a single mosquito larva. It was 
based upon the addition of excess silver nitrate, filtration, and back 
titration with 0.01 N sodium thiocyanate. The error of the 
Wigglesworth method is relatively large (+6 per cent). The 
lower limit of application cannot be determined from an inspection 
of his data, since they are given in terms of arbitrary “units.” 
The analytical data given are too meager to evaluate adequately 
the worth of the method. The author states that the method is 
applicable to 0.3 \' of tissue fluid, “or less if required.” Pre- 
sumably this represents about 1 y of Cl-, if plasma is taken as 
representative. 

The present authors were forced, therefore, to devise a method 
fulfilling the requirements of their problem as stated. It seemed 
desirable, if possible, to fit this into the framework of the technique 
and apparatus devised by Kirk and his associates (5-7) in their 
development of systematic ‘‘drop analysis.” 

The method, as finally devised, consisted of electrometric 
titration, with standard “drop scale” equipment. No reference 
half-cell was used, but instead of that, the considerably simpler 
bimetallic electrode system of Clark (8) was employed. The 
titration was rapid, simple, and accurate, the standard error being 
0.5 per cent or less down to 2 y of chloride, 1 per cent at 1 y, and 
only 2 per cent at 0.5 y. It was directly applicable, without 
ashing, to biological fluids containing protein. 

EXPERIMENTAL 

Apparatus 

1. A potentiometer graduated in millivolts, such as the Leeds 
and Northrup Students’ type potentiometer. 

2. A galvanometer of medium sensitivity, such as the Leeds 
and Northrup Lamp and Scale galvanometer, drawing a current 
of about 1 microampere per scale division. 


11 \ = 1 microliter = 0.001 ml. 
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3. Electrodes were constructed by forming a ball of silver about 
2 mm. in diameter on the end of No. 20 silver wire. The electrodes 
were constructed in pairs, and, before being used, one electrode was 
immersed in dilute nitric acid until gas escaped freely, after which 
it was washed in distilled water. The other electrode was re- 
peatedly dipped into a pool of mercury beneath a layer of dilute 
nitric acid until it was well amalgamated. It was not used for at 
least an hour after amalgamation. The electrodes thus prepared 
could be used for several days before recleaning and reamalgama- 
tion were necessary. A section diagram of the electrode assembly 
is given in Fig. 1. 


WIRES TO 
POTEN TIOMETER 


ad 


ELECTRODE 
“WY INSULATING 
} 
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CLAMP 


MATERIAL 





MAGNETIC 
7,.THREAO 
#¥ STIRRER 
4 
)BURETTE 
f TIP 


4‘ FLECTR ODE 


He ELE C TRODE 


( 





ITRATION DISH. 
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Fic. 1. Titration assembly 


4. Burette, pipettes, and titration dishes were described in 
previous papers of this series (5, 6, 9). 

The arrangement of the apparatus for carrying out the titrations 
is shown in Fig. 1. 

Solutions— 

1. 0.01 N silver nitrate, prepared by dilution from 0.1 N silver 
nitrate previously standardized against sodium chloride solution. 

2. 0.005 N silver nitrate, prepared as above. 

3. 0.01 N sodium chloride, prepared by dilution from standard 
0.1 nN sodium chloride. 

!. 1 n sulfuric acid, from redistilled sulfuric acid, free of Cl-. 








14 Quantitative Drop Analysis. XIV 


5. 0.01 Nn sodium bicarbonate, prepared from reagent grade 
sodium bicarbonate, free of Cl-. 

In the preparation of the reagents only the purest water, re- 
distilled from an alkaline solution in an all-Pyrex still, was used. 


Procedure 


The sample, containing from 30 to 0.5 y of chloride, was meas- 
ured by a capillary pipette? into a porcelain titration dish (5). 
Sufficient 1 N sulfuric acid was added to bring the final concentra- 
tion of acid to about 0.3 to 0.4 N, as recommended by Zintl and 
Betz (10). The titration dish was put in place on the titration 
table, the thread stirrer inserted, and the electrode pairs lowered 
until they dipped into the chloride solution. It was found that 
complete immersion was not necessary, and that entirely reliable 
results could be obtained with the electrodes barely touching the 
surface of the titration solution. Equal increments of silver 
nitrate solution were added from the burette, and the potential 
determined after each addition. As noted by Clark (8), the 
first small addition of silver produced a marked change in poten- 
tial, after which the potential remained almost constant, changing 
only 1 or 2 millivolts per microliter of 0.01 N silver nitrate until 
the titration was about 95 per cent completed. Thereafter, the 
rate of change of potential increased rapidly until it reached a 
value of from 25 to 50 millivolts per microliter in the immediate 
neighborhood (+0.2 A) of the end-point. Typical curves are 
shown in Fig. 2. Equilibrium was not attained immediately, 
especially near the end-point, but neither the shape of the curves 
nor the indicated position of the end-point was significantly altered 
if readings were made after only 30 second equilibration periods, 
provided that the addition of the increments and the readings of 
potential were carried out in a regular manner. 

In the titration of samples of entirely unknown chloride content, 
the practice was to add fairly large increments until the approxi- 
mate position of the end-point was determined. A duplicate 
titration, in which small increments were then added in the 
neighborhood of the indicated end-point, served to locate the 


? The common method of adjusting the meniscus by touching the tip of 
the pipette to the finger could not, of course, be used for chloride solutions. 
The meniscus was adjusted by bringing the tip of the pipette in perpendicu- 
lar contact with a smooth glass plate. 
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position of this point precisely. The actual potential values found 
during a titration were not precisely reproducible, even with the 
same electrode pair in duplicate titrations. With different elec- 
trode pairs the £.M.F values were, of course, markedly different, 


TITRATION: 32.56 A 


AE 
AV 0.0/ NCI” versus epprosi mafel . v AgNO i\ 
MY : ie; 
LA |} 
Curve No ER. Initial Reading §=© Units A N AGNOs | | 
r IS.35 1.30 S05 328i 0.099/ | 
z 14.95 0.04 44.9% 3260 0.0998 
m 1$.00 2. Of 19499 32.66 0.0994 | 
| 
/ L 
az — ee 
| 
AL 
\ 
‘ 
W 
I 
| 
0 I = = one ed 7 


7 & 9 ° / 2 3 * a 
BURETTE SCALE AEADING 
Fic. 2. Titration curves, AE/AV versus burette reading. E.P. = read- 
ing of the burette at the end-point; initial reading = initial reading of 
the burette; units = E.P. minus initial reading; \ = units times burette 
scale factor to convert scale reading to microliters. 


but it was invariably found that the greatest rate of change in 
E.M.F. occurred at the end-point. In determination of the actual 
position of the end-point, the classical method of plotting AE/AV 
against V (where E is the observed g.M.F and V is the volume of 
standard silver solution added) was used. 
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In the application of the method to the determination of the 
chloride content of plasma, two methods were used. First, the 
titration of the plasma (previously diluted 1:10 to lower the 
chloride concentration sufficiently) was carried out precisely as 
described above. In the second method, to the sample of diluted 
plasma was added an equal volume of 0.01 N sodium bicarbonate 
solution. The plasma-bicarbonate mixture was evaporated to 
dryness in a small platinum crucible, ashed at about 500° until 
white (usually this required from 5 to 10 minutes), cooled, taken 
up in about 100 A of redistilled water, and about 40 \ of 1 N sulfuric 
acid added. The titration was carried out in the platinum dish 
in the manner already described. Failure to add the bicarbonate 
solution to the serum resulted in serious losses of chloride during 
ashing. Since the ashed samples showed no significant differences 
in chloride content, as compared to those directly titrated, it was 
concluded that the plasma proteins did not interfere with the 
titrations under the conditions described. 


Results 


In order to determine the precision and accuracy of the method 
as applied to the determination of various quantities of chloride, 
a standard 0.1 N solution of sodium chloride was prepared by 
weighing out 2.9225 gm. of pure (Merck, reagent grade) dry 
sodium chloride, dissolving this in redistilled water, and diluting 
to 500ce. This solution was used to standardize an approximately 
0.1 N solution of silver nitrate. The method used in the stand- 
ardization was to pipette equal quantities of the two solutions 
into an Erlenmeyer flask and to finish the titration by the dropwise 
addition of 0.01 N silver nitrate from a calibrated 1 cc. pipette 
until the further addition of silver nitrate no longer produced a 
clouding of the solution. The solution was carefully boiled 
between additions of Ag* in order to produce a perfectly clear 
solution. As is known, this method is one of great precision when 
the two solutions are initially of nearly the same normality. From 
these solutions, working solutions of Ag* and Cl-, in normalities 
of approximately 0.01, 0.001, 0.005, and 0.0025, were prepared 
by dilution, carefully calibrated pipettes and volumetric flasks 
being used. 

These solutions were then used to determine the applicability 
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Taste I 
Sodium Chloride Solutions 








Sample | a ~ Cl- (found) Standard error A. ll 





M r Y y Y per cent per cent 
0.00999 | 58.61 | 20.70 | 20.67 
| 20.69 
20.60 
20.68 
20.72 
20.79 | +£0.08 | +0.15 | 99.9 
11.51 11.56 
11.50 
| 11.55 
11.50 


0.00999 32.56 


+0.02 +0.17 100.0 


_ 
_ 
— 
o 


0.00999 22.08 7.81 








+0.01 +0.13 99.9 
0.00499 22.08 | 3.90 


SRZRVBSRZeeeen 


+0.01 +0.26 99.7 


© 
or oo 


0.00250 22.08 1.95 


st ht ht ht he OO OO OD OO OO OO CO SESE ST SI SI 


DDO Os 
o> or bo bo 


+0.01 +0.51 99.4 
0.00125 22.08 0.97 


ooo 
e383 


0.93 
0.93 +0.01 +1.02 98.3 
0.000625 22.08 0.48 0.47 
0.49 
0.51 
0.52 
0.48 +0.01 +2.08 102.0 























of the method to the determination of chloride. The results are 
given in Table I. 
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In the application of the method to the determination of chloride 
in human plasma, 10 cc. of whole blood were withdrawn by syringe 
from an arm vein, sufficient oxalic acid was added to prevent 
clotting, the blood was centrifuged to remove corpuscles, and an 
aliquot of the plasma removed for analysis. Before the plasma 


TaB_e II 


Plasma Solutions 





Plasma | Sample size Cl found | Standard error Cl Lhe os. 
» Y 7 per cent mg. 
Unashed 28 .86 10.42 
| 10.46 
| 10.59 
10.59 
10.50 | 
10.51 +0.03 +0.29 365 
22.08 8.05 | 
8.09 
8.11 
8.10 
3) +0.02 +0 .25 366 
Ashed | 22.08 10.58 | 
10.52 
10.46 +0.03 +0.34 365 
| Cl present Cl added eS Standard error a 
Y Y 7 7 per cent per cent 
Unashed 7.81 3.90 3.68 | 
3.93 | 
3.69 | 
4.02 | 
4.04 | 
4.04 +0.03 +0.77 100.0 
10.52 0.63 0.65 | | 
| 0.58 | 
| 0.61 +0.04 +1.6 97.0 


was analyzed, it was diluted 1:10 in order to make the chloride 
concentration approximately 0.01 nN. In the first series of experi- 
ments the plasma was titrated directly in the presence of about 
0.4 N sulfuric acid. In the second, the plasma was ashed, as 
already described, and the chloride determined on the ash. Since 
the two results were the same within the limit of experimental 
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error, it was decided that the direct titration gave valid results. 
In order to establish this point further, samples of plasma, to 
which known amounts of chloride had been added, were likewise 
analyzed, and the results checked for recovery of added chloride. 
The results of these analyses of plasma are given in Table II. 

From an inspection of the results it is apparent that the error 
of the method does not exceed 0.5 per cent if more than 2 y of 
chloride is present, and that it does not exceed 2 per cent if more 
than 0.5 y is present. It is equally clear that, in the presence of 
0.3 N sulfuric acid, plasma proteins do not affect the titration, 
since ashed and unashed samples give the same titration values. 
This is further confirmed by the quantitative recovery of chloride 
added to plasma. The somewhat greater variation in results 
in the recovery of added chloride is a reflection of the greater 
number of operations involved. 


SUMMARY 


1. A method, with previously described equipment, is given for 
the estimation of chloride in quantities ranging from 20 to 0.5 
y. The error does not exceed 0.5 per cent if more than 2 y of 
chloride is present, and does not exceed 2 per cent if above 0.5 y 
of chloride is present. 

2. The method is applicable, without ashing, to fluids containing 


protein. 


The authors desire to thank the personnel of the Works Pro- 
jects Administration, Official Project No. 65-1-08-62, Unit A12 
for clerical assistance in the preparation of this paper. 
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QUANTITATIVE DROP ANALYSIS 
XV. DETERMINATION OF POTASSIUM* 


By BURRIS CUNNINGHAM, PAUL L. KIRK, anv 8. C. BROOKS 


(From the Division of Biochemistry, Medical School, and the Department of 
Zoology, University of California, Berkeley) 


(Received for publication, January 8, 1941) 


In order to carry out the investigation of ion accumulation 
mentioned in Paper XIV of this series (1), a quantitative ultra- 
micromethod for the determination of potassium was needed. 
A survey of the literature revealed that no such ultramicromethod 
has been described, although Linderstrgm-Lang (2) has published 
the details of a method for estimating sodium and potassium to- 
gether in quantities of approximately 0.2 to 2 y. 

In spite of many careful and complete studies of the procedures 
involved in the various methods for the estimation of potassium 
on a micro or macro scale, the error of the estimation in mixtures 
approximating the composition of the inorganic moiety of bio- 
logical materials has remained at least 1 per cent, and frequently 
is greater. The single exception to this statement is the method 
described by Bullock and Kirk (3). 

In those procedures based on the separation of potassium as the 
cobaltinitrite, it would appear that the error is due to variation 
in the composition of the precipitate when the conditions of 
precipitation are altered (4, 5). The precipitation of potassium 
from a solution of unknown composition would then involve an 
uncertainty as to the exact composition of the precipitate. 

The precipitation of potassium as the chloroplatinate is less 
capricious in so far as the character of the precipitate is concerned, 
and the results obtained by Bullock and Kirk on sea water offered 
a reasonable hope for attempting the determination of potassium 


* Aided by grants from the Rockefeller Foundation, the American 
Philosophical Society, and the Research Board of the University of 
California. 
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in biological fluids on an ultramicro scale. The attempt to apply 
the Bullock and Kirk procedure directly to quantities of a few 
micrograms was not successful. If the potassium was evaporated 
to dryness with an excess of chloroplatinic acid, results were 
invariably high and very irregular. The precipitation difficulty 
was solved by dissolving the potassium (as chloride) in 80 per cent 
alcohol and precipitating it by adding excess chloroplatinic acid. 
The resultant potassium chloroplatinate was filtered off, reduced 
with sodium formate, and the Cl titrated electrometrically by 
the method of Cunningham, Kirk, and Brooks (1). 

It was evident that if the method was to be considered entirely 
satisfactory, it would have to be applicable to solutions represent- 
ing the approximate composition of biological fluids; 7.e., fluids con- 
taining from 10 to 15 times as much sodium as potassium. 
Accordingly, solutions of known potassium content were made up 
containing 20 times as much sodium as potassium, and the 
procedure as outlined was applied to these. The results proved 
to be quite satisfactory. In order to check the method further, 
determinations of potassium in serum were carried out. 


EXPERIMENTAL 


Solutions— 

(a) 4 per cent chloroplatinic acid in 80 per cent alcohol was 
prepared by dissolving the pure acid in 80 volumes per cent of 
ethyl alcohol.' 

(6) 80 per cent ethyl alcohol saturated with potassium chloro- 
platinate.! An excess of the finely divided salt was added to the 
alcoholic solution, with which it was allowed to stay in contact 
for 12 hours with occasional shaking. At the end of that time, 
the saturated solution was centrifuged at 1200 to 1500 r.p.m. for 
30 minutes, and two-thirds of the clear supernatant solution 
carefully removed for use. The remainder of the solution was 
agitated to resuspend the excess potassium chloroplatinate. More 
80 per cent alcohol was added and the solution set aside for the 
preparation of more wash solution. 

(c) 95 per cent ethyl alcohol, saturated with potassium chloro- 
platinate, was prepared by saturating 95 per cent ethyl alcohol 


1 Alcoholic solutions containing chloroplatinate are not indefinitely 
stable. It is better to prepare not more than a week’s supply at a time. 
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with the potassium chloroplatinate in the manner described 
above.! 

(d) 0.2 mM sodium formate, prepared by dissolving the pure salt 
in redistilled water. 

(e) 80 volumes per cent of ethyl] alcohol. 

(f) Standard 0.01 Nn silver nitrate. 

(g) 1 N sulfuric acid in redistilled water. 

A pparatus— 

(a) Standard drop scale equipment, as described in previous 
papers of this series (6, 7). 

(b) Electrometric titration assembly, as described in Paper 
XIV (1). 


Procedure 


Inorganic Solutions—The sample of mixed chlorides was meas- 
ured by means of a capillary pipette into a small test-tube (20 < 
8 mm.) and evaporated by heating in the boiling water bath shown 
in Fig. 1. The bath consisted simply of a 100 cc. beaker fitted 
with a metal cover drilled to receive the test-tubes. The walls 
of the test-tubes were thus entirely surrounded by steam, and 
evaporation proceeded rapidly. When the solution had been 
evaporated to dryness, the tubes were removed from the water 
bath and allowed to cool. The chlorides of sodium, potassium, 
calcium, and magnesium are all moderately soluble to quite 
soluble in 80 per cent alcohol, so that samples in the normal range 
of from 5 to 0.5 y of potassium required but a few microliters of 
alcohol to dissolve them. It made no appreciable difference if a 
moderate (up to 2-fold) excess of the solvent was present. During 
the few minutes required to get the chlorides into solution, the 
test-tubes were kept stoppered to prevent evaporation of the 
sglvent. 

The potassium was precipitated from the dissolved salts by 
adding a volume of 4 per cent chloroplatinic acid in 80 per cent 
alcohol equal to the volume used to dissolve the chlorides. 

The tubes were stoppered and rotated to bring about an intimate 
mixing of solution and precipitating reagent. 12 hours at room 
temperature were allowed to complete the precipitation. 

At the end of this time, the excess precipitating reagent was 
filtered from the potassium chloroplatinate whieh was washed 
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twice with 50 \? of 80 per cent alcohol saturated with potassium 
chloroplatinate and then with 95 per cent alcohol saturated with 
the same salt, in order to insure complete removal of excess 
chloroplatinic acid. The filtration technique deserves special 
attention, since it proved originally to be a cause of some trouble. 
Filter sticks made of capillary tubing of 2 mm. internal diameter 
and 6 mm. external diameter were used. The lower end of the 
filter stick was tapered and provided with a fused-in 4 mm. section 
of sintered glass at the tip. In preparing the stick for a filtration, 
a 1 mm. thick layer of fine asbestos was sucked on to the disk. 
The asbestos was then pressed on to the disk with the finger nail. 
A second layer of fine asbestos was deposited on the top of the 
first by reinserting the filter stick into the asbestos suspension 





Fig. 1. Steam bath for evaporation of mixed chlorides 


(asbestos free of reducing agents, prepared by boiling the material 
in acid ceric sulfate, was used). A cone of asbestos about 2 mm. 
in thickness was allowed to deposit. 

The technique of using this prepared filter is illustrated in Fig. 2. 
Only the tip of the cone was allowed to come in contact with the 
solution. Thus the potassium chloroplatinate collected only on 
this part of the asbestos. Quantitative transfer of the potassium 
chloroplatinate could be accomplished simply by disengaging the 
pad at its base. 

The precipitated potassium chloroplatinate was washed twice 
with approximately 50 \ portions of the wash solution. This 
was run into the test-tube and the tube rotated to bring it in 


271 = 1 microliter = 0.001 ml. 
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contact with all the precipitate, part of which was deposited on 
the walls of the tube. 

When the washing was completed, the filter pad was removed 
and placed in a porcelain titration dish. A few drops of water 
were added to dissolve the precipitate remaining in the test-tube. 
The process of solution was hastened by warming the tube. The 
solution was transferred to the titration dish by means of a cap- 
illary pipette, followed by two rinsings with a few drops of warm 
water. A drop of 0.2 m sodium formate was added, and the 
solution evaporated to dryness on a steam bath to bring about 
reduction of the chloroplatinate [PtCl= + 2HCOO- + 20H- — 
Pt + 6Cl- + 2CO, + 2H,O]}. The dish was removed from the 
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Fic. 2. Filtration detail. A represents an asbestos filtering cone; 


B an asbestos base pad; C a sintered glass plug. 


bath and allowed to cool. A few drops of water were added to 
dissolve the chlorides and the solution acidified with 2 drops of 
1 n H.SO, The titration was carried out as described in the 
paper on the determination of chloride (1). While formate will 
reduce Ag*, the rate of the reaction at room temperature is so 
slow as not to interfere with the titration. 

A blank determination in which the entire procedure was carried 
through as outlined (distilled water being substituted for the 
sample) had to be made. In the experiments described in this 
paper the blank was uniformly found to be equivalent to 0.05 y 
of potassium. The blank value originated from the potassium 
chloroplatinate of the wash solutions which was not entirely 
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removed from the walls of the tube, and from the sodium formate 
which contained traces of Cl-. 

The determination of a blank value in procedures involving the 
electrometric titration of chloride, as described previously (1), 
has some features which require special mention. The titration 
of very dilute chloride solution fails to produce a sharp change in 
potential at the point at which equivalent quantities of the 2 
ions are present. Consequently, in a blank titration in which 


TABLE I 


Potassium Solutions 


Sample K (calculated) | K (found) Standard error* a... 


(22.08 d) 


Y per cent per cent 
+0.29 99.8 


ee 
he ke ol 
SSxseex 
- | 
o | 
S 
“ 


0.00333 2.88 2.86 +0.011 +0.38 99.7 
2.86 
2.87 
2.89 
2.84 
0.000833 | 0.72 0.71 | +0.012 +1.7 97 

| 0.71 

0.71 
0.69 =| 
| 0.68 

















* Standard error = + V/zd2/(n(n — 1)) where d = deviation from the 
mean, and n is the number of determinations. 


very little Cl- is present, smaller quantities of water and acid 
are added prior to the titration than in the case of a regular 
determination. 

In Table Lare given the results of analyses of solutions of known 
potassium content containing 20 times as much sodium (by weight) 
as potassium. 

Biological Materials—The analyses on human blood serum were 
conducted as follows: The serum was measured by means of a 
capillary pipette into a small platinum crucible. The organic 
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matter was destroyed by heating in a micro muffle furnace at 
about 400°. The ash was dissolved in 0.1 N hydrochloric acid 
and transferred by pipette to a small test-tube of the type de- 
scribed in the earlier part of this paper. The material was 
subsequently handled in the manner described for the mixtures 
of pure sodium and potassium chlorides. The results are given 
in Table II. 

The method described for the estimation of potassium is well 
suited to routine determinations, the digestions, precipitations, 
and reductions being carried out in multiple. The filtrations had 
to be conducted singly, but as these required but a few minutes 
each they did not greatly increase the average time per determina- 
tion. Fifteen to twenty analyses could be run in a day. 


TaBLe II 


Determination of Potassium in Serum 








Sample K (found) | Standard error 
» y ity. mg. per cent ; Y per cent 
38.06 | 7.89 | 2.6 | £0.08 +0.4 
7.95 20.8 | 

7.80 20.4 

7.85 20.6 =| | 

7.88 20.6 

SUMMARY 


1. A method is described for the estimation of potassium, 
suited to the analysis of biological fluids when the ratio of sodium 
to potassium does not exceed 20. 

2. Above 2 y of potassium, the error does not exceed 0.5 per 
cent, and above 0.7 y, it does not exceed 3 per cent. 

3. The method is suited to routine multiple determinations. 


Clerical assistance in the preparation of this material was fur- 
nished by the personnel of the Works Projects Administration, 
Official Project No. 65-1-08-62, Unit A12. 
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IDENTIFICATION OF THE MOUSE ANTIALOPECIA 
FACTOR 


By D. W. WOOLLEY 
(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 
(Received for publication, January 11, 1941) 


Recently a new dietary essential required by the mouse has 
been described (1). When this substance was absent from the 
diet, young mice soon ceased to grow and became completely 
bald over large areas of the body. Preliminary concentration of 
the curative substance which was present in liver has been de- 
scribed. Norris and Hauschildt (2) simultaneously and inde- 
pendently described a similar syndrome in mice which were fed a 
highly purified diet. In the present communication the identifica- 
tion of the curative material will be described. A preliminary 
statement of our results has appeared recently (3). 


EXPERIMENTAL 

Assay Technique—In the early part of this investigation the 
assay procedure previously described (1) was followed exactly. 
In the last stages, especially after the crystallization of the active 
substance, the following modifications were introduced. First, 
the administration of yeast extract to the depleted animals (as 
with Diet Y) was discontinued and a purely synthetic mixture of 
water-soluble vitamins (as in Diet 8S) was employed throughout 
the test period. In addition, some of the latest experiments were 
done with 5 mg. of dl-sodium pantothenate per 100 gm. of ration 
in place of the 1 mg. level used previously. The quantity of 
pantothenic acid had a decided influence on the occurrence and 
course of alopecia and, when sufficiently high levels were fed, the 
disease frequently did not result even in the absence of the present 
antialopecia factor. However, since the relationship between 
pantothenic acid and the antialopecia factor requires more study, 
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the details of our investigation of this relationship will be com- 
municated subsequently. 

The omission of yeast extract had one noteworthy result. The 
restoration of hair did not occur as rapidly in animals on a purely 
synthetic diet as in those fed the yeast extract ration. Yeast 
extract could not be included from the beginning of the experi- 
ments, for, when this was done, no alopecia resulted. For exam- 
ple, two groups of six mice each were fed the purified ration plus 2 
per cent of yeast extract from the beginning of the experiment and 
no cases of alopecia were observed. This fact suggested that the 
yeast extract was not devoid of the antialopecia factor. 

Preliminary Concentration—A statement of the steps employed 
in bringing about concentration of the active substance will be 
made in order to illustrate the course of the reasoning which led 
to the use of phytin. Actual details of the isolation of the active 
principle will be described below after the effect of phytin has 
been noted. The source of the vitamin in every case has been the 
fraction of aqueous liver extract which was insoluble in 70 per cent 
alcohol; this was the same fraction as previously used. It was 
designated Fraction A.' This material was dissolved in water, 
dialyzed, and the non-dialyzable portion treated with norit. The 
active norit filtrate was made alkaline with barium hydroxide and 
alcohol was added in order to precipitate the active compound. 
The precipitate was freed of barium and the active substance was 
rendered dialyzable by heating it with sodium hydroxide. Con- 
centrates prepared in this manner gave the Scherer test for inositol. 

Effect of Phytin—The properties of the concentrates suggested 
that the active substance might possibly be some phosphoric acid 
ester of inositol. Studies on the distribution of the vitamin in 
natural products had revealed that cereal grains were relatively 
rich sources. Thus, for example, 2 per cent of oats was sufficient 
to bring about slow cure of alopecia. For these reasons it was 
thought justifiable to test the action of phytin. It was thought 
at the time that the active substance was a lower ester of inositol 
but that phytin might possess activity. When 100 mg. of phytin 
per 100 gm. of ration were fed, hair was restored and resumption 


of growth occurred. 


! We wish to thank Dr. David Klein of The Wilson Laboratories for gifts 


of this material. 
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Isolation of Antialopecia Factor—While the assays of phytin 
were in progress, a crystalline material was obtained from our 
best concentrate by precipitation with lead acetate and ammonia 
followed by purification with norit and crystallization from alcohol. 
The crystals melted at 214-216° and contained 39.8 per cent car- 
bon. When fed at a level of 100 mg. per 100 gm. of ration, they 
caused restoration of hair. Subsequent tests with authentic 
inositol showed that this material also possessed activity. 

Many procedures have been tested for the isolation of inositol 
from liver Fraction A and the one found most satisfactory will be 
described. 100 gm. of Fraction A were dissolved in water and 
dialyzed for 18 hours. The non-dialyzable portion was evapo- 
rated to 200 ce. and refluxed with 400 ec. of concentrated HCl 
for 6 hours. The solution was then concentrated under reduced 
pressure to a syrup, made alkaline with barium hydroxide, and 
treated with sufficient alcohol to give a final concentration of 75 
per cent. The precipitate was filtered off, washed with alcohol, 
and decomposed by suspending it in 65 per cent alcohol and pass- 
ing in carbon dioxide. The filtrate from the barium carbonate 
was concentrated under reduced pressure to about 200 ec. and 
treated with saturated lead acetate until no more precipitate 
formed. The precipitate was removed and the resulting filtrate 
was treated with 100 ec. of saturated lead acetate. Enough 
ammonia was added to cause complete precipitation. The precip- 
itate was filtered off and washed and then decomposed with a 
slight excess of sulfuric acid. Lead sulfate was removed and the 
resulting filtrate was again made alkaline with barium hydroxide 
dissolved in methyl alcohol and enough ethanol was added to give 
a final concentration of alcohols of 70 per cent. After the mix- 
ture had stood overnight, the precipitate was filtered off, washed, 
and then decomposed by suspending it in 70 per cent alcohol and 
passing in carbon dioxide. The barium carbonate was filtered off; 
the filtrate was concentrated to a small volume under reduced 
pressure, acidified with sulfuric acid, and filtered through norit. 
Aleohol was added to the filtrate until crystallization occurred. 
The crystals were recrystallized from water by the addition of 
aleohol. 42 mg. of material were obtained which melted at 218°. 
Inositol in the same bath melted at 218°. 


C.H,.O¢. Caleulated, C 40.0, H 6.7; found, C 40.2, H 6.7 
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10 mg. of the crystals were heated with 20 mg. of sodium acetate 
and 20 cc. of acetic anhydride. The excess anhydride was re- 
moved under reduced pressure, the sodium acetate was removed 
by extraction with water, and the product was recrystallized twice 
from dilute pyridine; m.p. 212-213°. Inositol hexaacetate in the 
same bath melted at 213°. 


CisH2Oy. Calculated, C 50.0, H 5.5; found, C 49.5, H 5.2 


Effect of Inositol—Simultaneously with the assay of the inositol 
isolated from liver, authentic inositol was tested. 100 mg. per 


TABLE I 


Some Effects of Inositol and Derivatives on Nutritional Alopecia of the Mouse 





Mo. of Average 
Diet Supplement Level | ss | — jet ou 
| | 18days | is test 
’ period 
| ‘on. tation | gm. per day 
= None 4 | | 0.2 
“ Phytin } 100 | 2 2 | 0.7 
S “ 100 bs Detelitede call 
7 Crystals from liver 100 | ] 1 
z | Inositol 100 { 4 0.7 
S | e 100 l l 0.1 
Y si 10 1 l 0.5 
** | Phosphorylated inositol | 100 2 2 0.4 
S_ | Inositol purified through 100 2 2 0.5 
acetate 


oly iat 


* Recovery not apparent until after 4 weeks on phytin. 


100 gm. of ration were sufficient to bring about restoration 
of hair and resumption of growth. The inositol (1 mole) was 
then phosphorylated by heating with pyridine and phosphorus 
oxychloride (7 moles) and, when this material was purified and 
assayed, it was found to be as active as the original inositol. 
Lower levels,of inositol have been tried and on the yeast extract 
ration cures have been obtained with as little as 10 mg. per 100 
gm. of ration (Table I). 

Since inositol is isolated from natural sources and since relatively 
large amounts must be fed, it is difficult to prove that a small 
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amount of impurity is not the active material. In addition, 
slight change of activity with recrystallization cannot be detected, 
since no quantitative procedure for the assay of the antialopecia 
factor is available. It is only possible to observe qualitatively 
whether or not a substance is active. Recrystallization of inositol 
from dilute alcohol did not destroy its potency. Furthermore, 
careful purification of inositol hexaacetate by recrystallization 
from pyridine and then from alcohol, when followed by hydrolysis 
and further recrystallization of the free alcohol, did not destroy the 
activity. For these reasons it is believed that inositol or its 
phosphoric acid ester is the antialopecia factor. 

Since only a small amount of inositol could be isolated from the 
liver fraction and since the amount obtained was not sufficient to 
account for the observed potency of the liver, a recovery experi- 
ment was performed. 100 mg. of inositol were added to the 
non-dialyzable portion of 100 gm. of Fraction A and the procedure 
described above was repeated. 56 mg. of inositol were obtained. 
It was thus evident that only a small fraction of the inositol 
present was isolated by our procedure. 


DISCUSSION 


The experiments related above demonstrate that the growth of 
hair of mice is markedly influenced by inositol or its esters. They 
further demonstrate that a combined form of inositol oecurs in 
liver. Combined inositol, especially in heart muscle, has been 
postulated by Winter (4) and by Rosenberger (5) based on 
amounts isolated before and after autolysis or treatment with 
alkali. The present work demonstrates that an alcohol-insoluble, 
water-soluble, non-dialyzable substance occurs in liver which 
yields inositol upon acid or alkaline hydrolysis. That no free 
inositol was present in the non-dialyzable concentrates was 
shown by failure to isolate crystals when acid or alkali treatment 
was omitted from the procedure. 

The relationship of inositol to the growth of hair in the mouse 
suggests the use of this substance in other species which manifest 
deficiencies involving the hair. Whether or not inositol is the 
additional anti-gray hair factor postulated by Dimick and Lepp 
(6) and by Williams (7) has not been determined. 

s 
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SUMMARY 


The alopecia which developed in young mice raised on a highly ) 
purified diet was cured by addition of inositol or of phytin to the 
ration. Inositol has been isolated and identified in liver con- 
centrates which cure the same type of alopecia. 

Observations on combined inositol in liver have been made. 
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Dietary phosphorus has been shown to enter rapidly into all 
calcified tissues of the rat. Within 4 hours after radioactive 
phosphate administration, significant quantities of the element 
have been found not only in the epiphyses and diaphyses of the 
long bones, but even in the molars and tips of the incisors (1). 
Since the phosphate was undoubtedly blood-borne, these findings 
show first, that these tissues are permeable, and second, that some 
of the phosphorus of mineral deposits is readily exchangeable. 
Some sort of equilibrium would be expected between the marked 
phosphorus in the blood and the phosphorus in those parts of the 
tissues undergoing exchange. When equilibrium is reached in 
certain parts of the adult skeleton, the ratio of marked to total 
phosphorus in these parts has been shown to be the ratio current 
in the blood (2). New calcification, taking place after a dose of 
marked phosphorus has been allowed to come to equilibrium in 
the body, would have a marked to total phosphorus ratio equal 
to that of the blood. It is difficult to isolate ‘“‘new”’ calcification 
in adult animals; however, the fetal skeleton in utero gives a 
readily available source of newly formed bone. With the fetal 
bone as a mirror of the phosphate changes in the maternal blood, a 
rachitogenic diet was compared with a normal diet to determine 

* Aided by a grant from the Rockefeller Foundation. 

Some of the data in this paper were presented by one of us (M. L. M.) in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy. 

The substance of this paper was presented by one of us (S. R. L.) before 
the Western New York meeting of the Society for Experimental Biology 
and Medicine at Syracuse, October, 1939. 
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whether this nutritional stress would alter the rate of phosphate 
turnover in the maternal organism. 


EXPERIMENTAL 


Radioactive NasHPO, was prepared by dissolving radioactive 
red phosphorus in aqua regia and adding Na,CO; to pH 6 to 7. 
The solution was made up to a convenient volume and aliquots 
were taken so that a 1 cc. volume would have suitable concentra- 
tions for administration to rats by stomach tube. Forty female 
rats were divided among four groups as shown in Table I. From 
2 to 7 days after the administration of a single dose of radioactive 


TABLE [| 


Data on Experimental Animals 








Rachitogenic 
| 


| Adequate diet* diett 
eeent eT e 
Group 1, Group 2, —- hye 
control pregnant . ‘trol ae 
No. of animals 5 10 St @ 4 5 
Days between dose and mating 2 or 7 
Total counts per min.f{ in dose for | 
each animal X 107° iz ...| 52 | 98 52 | 98 86.7 | 86.7 
Total P in dose for each animal, | | 
mg. 20 0.1 20 0.1 | 11.2} 11.2 


* Purina Fox Chow. Daily P intake, 120 mg. 
t Steenbock and Black Ration 2965 (3). 
t On our Scale-of-four Geiger-Miiller counters. 


phosphorus, animals in Groups 3 and 4 were put on the Steenbock 
and Black diet, Ration 2965 (3), and animals in Groups 2 and 4 
were mated. The young from these matings were separated from 
the mother immediately at birth and were sacrificed by decapita- 
tion. The organic material was dissolved from the bones and 
teeth of the young by extraction with a 3 per cent solution of 
KOH in ethylene glycol for 1.5 hours (4). The bones, freed from 
organic material, were then washed by boiling in distilled water, 
dried, and weighed. 

At the same time that the young were obtained, the mother 
and a control were sacrificed; their blood was weighed and ashed 
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at 500° with addition of HNO; if necessary. The long bones and 
teeth from the mothers and their controls were dissected out 
immediately after death, and were glycol-extracted and dried. 
The epiphyses and diaphyses of the ashed long bones were sepa- 
rated and weighed. All of the ashed samples from the young, 
mothers, and controls were dissolved in HCl, made up to 2 ce. 
volume, and the radioactivity determined with a Geiger-Miller 
counter (5). The phosphorus in the doses of NagHPO, solution 
was determined by the method of Holtz (6). For calculation 
of the P*:P ratios, the phosphorus percentage of the bone ash was 
taken to be 18 per cent, a figure based on previous analyses of rat 
bone and tooth substance made in this laboratory! and by others 
(7). For the blood content of phosphorus, the figure 45 mg. per 
cent was used. This figure is also based on analyses previously 
made in this laboratory (8). The subdivisions of Groups 1 and 2 
(Table I), differing in time elapsed between the phosphorus dose 
and mating, are not considered separately in Fig. 1 because of the 
similarity of the data. 


DISCUSSION 


The concentration of radioactive phosphorus in the various 
tissues has been calculated in terms of the percentage of the dose 
per mg. of phosphorus in the tissue. This is represented by the 
symbol P*:P, the ratio? of marked to total phosphorus. The 
average values of the ratio for the calcified tissues of mothers, 
young, and non-pregnant controls are given in Figs. 1 and 2 for 
normal and rachitogenic diets, respectively. Obviously, the ratio 
P*:P gives no measure of the total amount of radioactive phos- 
phorus present in a tissue. Nevertheless use of the ratio is 
desirable in metabolic studies, because it permits comparison of 
the extent to which equilibrium has been attained (2). 

There has been considerable argument in the literature con- 
cerning withdrawal of inorganic salts from the maternal skeleton 


1 Hodge, H. C., unpublished data. 

2 It should be noted that the ratio P*:P has the units of percentage 
per mg. Such calculation is necessary to correct for differences in the 
activities of the doses administered and in the weights of the rats employed. 
Nevertheless, the P*:P is a measure of, and for the tissues of any single 
rat, is proportional to the ratio between the weights of marked and total 
phosphorus. 
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during pregnancy. Because of the constancy of fetal mineral 
composition (9, 10) irrespective of the adequacy of the maternal 
diet, the fetus has been assumed to remove large amounts of 
inorganic salts from the maternal skeleton. Caries in pregnancy 
has popularly been attributed to decalcification of the teeth in 
response to fetal needs for calcium phosphates. 
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Fic. 1. Normal diet. The percentage of the dose of radioactive phos- 
phorus per mg. of total phosphorus in the blood and calcified tissues of the 
mothers, young, and non-pregnant controls. The number above each 
column refers to the number of animals represented by that average. 


Since, according to Manly, Hodge, and Manly (2), the labile 
and stable portions of the hard tissues differ with respect to their 
P*:P ratios, sufficient withdrawal of bone salts from the labile 
portions should produce a significant change in the P*:P ratio 
for the total bone. It can be seen in Figs. 1 and 2 that there 
is a tendency for all maternal hard tissues to have lower ratios 
than those of the controls. These differences, however, are not 
statistically significant. Nor is there a constant difference be- 
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tween each experimental rat and the control killed at the same 
time. There is no evidence in the data presented here that the 
maternal bones or teeth suffer marked loss of inorganic material 
during gestation, whether the mother has had an adequate or a 
deficient diet. 

Dietary deficiency per se, on the other hand, does produce a 
marked displacement of the P*:P ratios as shown by a comparison 
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Fic. 2. Rachitogenic diet. The percentage of the dose of radioactive 
phosphorus per mg. of total phosphorus in the blood and calcified tissues 
of the mothers, young, and non-pregnant controls. The number above 
each column refers to the number of animals represented by that average. 


of Figs. 1 and 2. It seems probable that the dietary unbalance 
has not effected a withdrawal of any significant amount of the 
radioactive element from either the molars or the diaphyses, since 
their ratios are the same in Figs. 1 and 2. On the contrary, the 
ratio for the incisors is about 60 per cent higher on the Steenbock 
diet. Obviously this does not mean the incorporation of more 
phosphorus in the incisors of rats on an inadequate intake. Since 
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the incisors are continually calcifying, they must present an 
integrated picture of the radioactive phosphorus levels in the 
blood. Hence the higher values for the incisors shown in Fig. 2 
indicate that as a whole the P*:P ratio in the blood of the deficient 
animals has been 60 per cent higher than that of the controls. 
At first this would seem contrary to expectation, since it might be 
argued that the rickets-producing diet would deplete the phos- 
phorus stores, and hence would diminish the ratios of all tissues 
having active exchange. However, in the depletion of the 
phosphorus stores at a time when they are characterized by high 
P*:P ratios, the ratio of the blood is raised, producing high ratios 
in the maternal incisors and in the actively calcifying bones of the 
young. The adequate diet which daily furnished 120 mg. of 
ordinary phosphorus for normal exchange lowers the ratios by 
washing out the marked phosphorus. 

From the indication of the P*:P history of the blood given by 
the incisor values we can deduce evidence of reduced calcification 
rates in the epiphyses of animals on the Steenbock diet. As 
pointed out above, the data on the incisors of animals on the 
rachitogenic diet indicate that the P*:P ratio of their blood was 
on the whole 60 per cent higher than that of the controls. The 
epiphyseal ratios, however, are hardly higher in the deficient 
animals than in the controls, as is seen by comparing the epiphyseal 
levels in Figs. 1 and 2. A 60 per cent higher epiphyseal ratio 
would be expected in the deficient animals if similar degrees of 
calcification took place on both normal and Steenbock diets. 
Thus, the epiphyseal calcification has been retarded by the 
deficient diet. 


SUMMARY 


The distribution of radioactive phosphorus has been determined 
for the calcified tissues of forty female rats which had been 
previously fed a single dose of radioactive NasHPO, and sub- 
sequently submitted to pregnancy on normal or rachitogenic diets. 

1. There is no significant effect of pregnancy, either alone or 
in combination with dietary deficiency, on the marked phosphorus 
distribution in the maternal skeleton. 

2. The Steenbock and Black diet causes an increase in the 
isP*? fraction of total phosphorus in the actively calcifying tissues. 
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No change occurs in the marked phosphorus of the molars or 
diaphyses even though these contain significant amounts of the 
radioactive isotope. 


The authors are glad to acknowledge the assistance of Dr. 
William F. Bale in the construction and maintenance of the 
Geiger-Miiller counters, and Dr. 8. N. Van Voorhis for supplying 
the radioactive phosphorus. The authors also wish to acknowl- 
edge the aid of Dr. Richard 8. Manly, Dr. Harold C. Hodge, and 
Dr. Frances L. Haven. 
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The reactions of proteins with iodine have already interested 
several investigators. In the instances studied only the tyrosine 
of the protein reacted with iodine, although an exception was 
furnished by an instance in which —-SH groups were present in the 
molecule (2). Herriott’s (3) work showed that iodine attacks only 
the tyrosine group of pepsin and that the iodinated pepsin pos- 
sesses less than 1 per cent of the original enzymatic activity.' 
Similarly, the loss of activity of insulin after being iodinated was 
observed by Harington and Neuberger (5). They were able to 
recover the insulin activity after iodine was removed from the 
tyrosine group by catalytic hydrogenation. These experiments 
mentioned all indicated that under proper conditions iodine reacts 
with proteins in a specific manner, as is the case with ketene and 
cysteine. 

Our previous work onthe acetylation of the pituitary lactogenic 
hormone (6) has indicated that the hormone cannot unfold its 
characteristic biological effects unless the free amino groups are 


* Aided by grants from the Research Board of the University of Cali- 
fornia, from the Rockefeller Foundation, from Parke, Davis and Company, 
and from the National Research Council. Assistance was rendered by 
the Works Projects Administration, Official Project No. 65-1-08-62, Unit A5. 

For a brief account of the reactions of iodine with lactogenic hormone 
see (1). 

1A recent paper by Philpot and Small (4) indicated that iodine re- 
acts with some unknown groups in pepsin other than the tyrosine. Their 
results based only on the decrease of Folin’s color are not conclusive. 
Since no confirmations of their observations have yet appeared, their 
findings are not discussed in this paper. 
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present. It has been demonstrated that these groups are not 
important for the physiological action of insulin (7). It seemed 
to us important to inquire as to whether or not the tyrosine group 
is essential for the biological activity of lactogenic hormone, as 
is the case with insulin. The following experiments indicate that 
iodine has a specific action on lactogenic hormone and that less 
than 1 per cent of biological activity remained in the iodinated 
hormone. 

The lactogenic hormone preparations used in the present study 
have already been shown to be single proteins in electrophoresis 
experiments (8, 9) as well as in solubility studies (TO). 

Reactions in Phosphate Buffer—The iodination process may be 
conveniently represented by the equation 


I 


mn, \ 
R-< 0H + 2, —> RX >—0# + 2H 
I 


where R is the other part of the protein molecule. Therefore, 
an iodinated protein should not react with the Millon reagent. 
If a protein absorbs iodine and if iodine reacts only with tyrosine, 
the tyrosine content as determined by the method of Folin and 
Ciocalteu (11) should be decreased in accordance with the amount 
of iodine absorbed. Similarly, the nitrogen content of the 
iodinated protein must be correspondingly lowered. 

As is shown in Table I, the total iodine content found in iodi- 
nated lactogenic hormone checks well with that calculated from 
the amount of free tyrosine. In addition, the decrease in nitrogen 
values corresponds to the increase in iodine. Thus, the calculated 
iodine content of Preparation L41 is (5.84 — 2.00) X 253.84, 
181.09 = 5.38 per cent, while the analytical value is 4.96 per 
cent. If iodine reacts with groups other than tyrosine in the 
protein, the analytical value for total iodine should be higher than 
that calculated from the decrease in tyrosine content. Further- 
more, it has been demonstrated by Herriott (3) that practically 
no oxidation by iodine occurs in the reaction. Hence it may be 
concluded that the action of iodine on the lactogenic hormone is 
solely with the tyrosine group. Further evidence of this will be 
presented in later sections. 
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That iodination inactivated the hormone (Preparation L36A) 
in this experiment was shown by the fact that 7.5 times the intra- 
muscular minimal effective dose caused no crop stimulation what- 
soever, and 1000 times the local minimal effective dose (micro 
test) produced only a slight border line reaction.? 

Experimental—100 mg. of Preparation L283B* were dissolved 
in 2 ec. of 0.01 Nn NaOH and the clear solution was diluted to 7.6 
ec. by the addition of 0.5 m phosphate buffert of pH 7.0. To this 
solution 2.4 ce. of 0.1 N iodine solution (with 0.5 m KI) were added.5 
After the mixture stood at room temperature for 1 hour, the excess 
iodine was removed by a few drops of 0.2 Nn thiosulfate reagent. 














TaBLe | 
Reactions of Iodine with Lactogenic Hormone in Phosphate Buffer, pH 7.0, 
at 20-21° 
Preparation N I: Tyrosine 
" aa bia ie per cent per cent per cent 
L283B 15.26 0 5.84 
Same, iodinated for } hr. (L41) 14.50* 4.96* 2.00 
14.527 5.38T 5 
~ . “1° (eA) |... 4. 7.90* 
| 14.12f 8.18 — 











* Found. 
+ Theoretical. 


The colorless suspension was then dialyzed against distilled water 
which was stirred constantly and changed twice daily. The 


2 In the preliminary paper (1) the last figure in the sixth column of 
Table I should read >1.5 instead of <1.5. 

3’ Throughout this paper B is used to designate the hormone derived from 
beef pituitaries, while S is used for that obtained from sheep. As is shown 
in previous publications (10, 12), the beef hormone has more tyrosine 
than that prepared from sheep, and the sheep hormone is more soluble than 
the beef in acid solution. 

‘It is of interest to note that the lactogenic hormone does not dissolve 
completely in phosphate buffer, pH 7.0, but a clear solution results if the 
hormone is dissolved in dilute alkali first and then combined with phos- 
phate buffer of pH 6.5. 

° The solution became turbid as soon as iodine was added. The pH of 
the solution remained the same. Probably iodine is a good precipitating 
agent for lactogenic hormone. 
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dialysis was carried out in the cold room (5°) and usually required 
about 4 days. The completeness of the dialysis was judged by 
the precipitation® of the hormone within the dialysis bag. Nitro- 
gen, tyrosine, and iodine contents of the iodinated hormone were 
then determined. 

The semimicro-Kjeldahl method was used for nitrogen deter- 
mination. The selenium oxychloride-sulfuric acid mixture was 
the reagent used for digestion. 

The total iodine as determined by the methods of Stimmel and 
McCullagh (13) and of Herriott (3) was essentially the same. 
Herriott’s technique while more convenient requires more mate- 
rial. 

Lugg’s modification (14) of the Folin-Ciocalteu method was 
used to determine the tyrosine content. 30 mg. of the protein 
were dissolved with 0.5 ce. of 5 mM NaOH in a small Pyrex test- 
tube. The sealed test-tube was then put into a steam bath for 
about 35 hours. The hydrolysate was then diluted with water 
to 10 ec. in a volumetric flask. 1 ce. of 5 N HeSO, was added to 
t ec. of centrifuged solution and the determination of tyrosine was 
carried out essentially as described by Lugg. The color developed 
was measured in the Cenco-Sanford-Sheard photelometer equipped 
with a blue filter. The tyrosine content of the solution was read 
off from a calibration curve established by the employment of 
pure tyrosine. 

Reactions in Acid Solutions—The rate of iodination of tyrosine 
depends on the pH of the solvent (3). Belov’ pH 5.0 the reaction 
was too slow for convenient measurement, which could be done 
readily at pH 6.0. Above pH 6.0 changes in the pH had very 
marked influence on iodination rate. Similarly, changes in pH 
affected the rate of the iodination of lactogenic hormone. 

At pH 3.8, dilute iodine did not react with tyrosine but did 
with tryptophane. In 0.01 N HCl tryptophane still reacted with 
iodine but at a much slower rate. Lactogenic hormone, however, 
did not unite with iodine at pH 3.8 nor in 0.01 N HCl, although it 
contained about 2.5 per cent of tryptophane (12). This is con- 
sistent with the recent finding of Anson that tryptophane in 
chymotrypsinogen does not react with iodine (2). 


* The extremely low solubility of the hormone in water has already been 


demonstrated in a previous paper (10). 
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If a protein contains cysteine, it should unite with iodine in acid 
solutions (2). Since lactogenic hormone did not take up iodine 
in 0.01 n HCl solution, it may be concluded that there are no 
cysteine or —SH groups in the native hormone. The results are 
summarized in Table II. 

Attention may be drawn to the fact that 2 moles of iodine are 
required to react with 1 mole of tryptophane to form, probably, 


TABLE II 


Reactions of Iodine with Tyrosine, Tryptophane, and Lactogenic Hormone 
in Acid Solutions at 20-21° 





Prepa- Solvent Initial | Tyro- lrrypto-| Lactogenic Vol- be pon Iodine 

ration | anid, sine me hormone } ume | action ost 
| bf | ant, | ok | per cent | ce. | hrs | Bos | 

LI6A | 0.01N | 9.35 | 3.32/0.00} 0.00 | 25.0/ 5 |0 

HCl | | | | 117 |0 

L16B col Bae 9.35 | 0.00 | 2.97 0.00 25.0 | 5 | 0.90 

| 17 | 2.00 
Li7A| “ “ |9.35]0.00/0.00| 1.0 | 1.0} 2 |0 
| | | (Prepara- | 5 |0 
tion 
L293B) 

L15 | 0.01N ace-| 8.41 | 4.28} 0.00! 0.00 2.0; 2 |0 
tate buf- | | | | 22 |0 
fer, pH_| 
3.8 | | 

L18 = cs | 8.41 | 0.00 3.98 | 0.00 25.0 1.5 | 3.40 

| | 6} | 4-90 
| | 118.5 | 7.30 
L19 « « 19.351 0.00] 0.00] 1.0 1.0| 3.5/0 
| (Prepara- 
tion 
294B) | 


| mole of diiodotryptophane. No loss in biological potency of the 
hormone was found after it had been treated with iodine in acid 
solution; this is consistent with the finding that iodine was not 
absorbed under these conditions. 

Experimental—Reactions were carried out at room temperature 
(20-21°). The disappearance of iodine was followed by titrating 
1 ce. of the solution with 0.002 N thiosulfate solution. <A typical 
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example of the iodine reaction with tryptophane may be described 
as follows: 20 mg. of tryptophane were mixed with 4.21 cc. of 0.1 
N iodine solution and diluted to 25 cc. with 0.1 N acetate buffer, 
pH 3.8, in a volumetric flask. The solution was allowed to stand 
at room temperature. 1 cc. was pipetted out at certain time 
intervals and analyzed for free iodine by titration with thiosulfate 
solution. 

Reactions in Acid Urea Solutions—Urea has long been considered 
a denaturing agent capable of destroying the biological activity 
of a protein (15) or dissociating the protein molecule (16, 17). 
On the other hand, some proteins behave as native substances in 
urea solution (18). 

Lactogenic hormone, like pepsin (18) does not change its bio- 
logical activity im 6.66 mM urea solution. Preliminary osmotic 
pressure measurements indicate that its molecular weight does 
not decrease in urea. It is of course entirely possible that the 
hormone may have become denatured in urea and yet have re- 
tained its biological potency. 

The denatured form of a protein may sometimes show the pres- 
ence of —SH groups not detectable in the native protein (19). 
1 per cent lactogenic hormone, which stood in 6.66 m urea con- 
taining 0.01 n HCl, did not absorb iodine. Even though the 
urea might have denatured the hormone, no —SH groups were 
detectable. It would appear, therefore, that —-SH groups are 
absent from the lactogenic hormone. 

Experimental—10 mg. of Preparation L298S were dissolved 
in 0.8 ec. of 0.01 Nn HCl-urea (6.66 mM) solution. After the solu- 
tion had stood at room temperature for 24 hours, 0.2 cc. of 0.1 
N iodine was added. The whole mixture was allowed to stand at 
room temperature again for 5 hours. The solution was then ti- 
trated with 0.002 n thiosulfate solution. Two control experi- 
ments were carried out side by side: in one no lactogenic hormone 
was used and in the other no iodine. Results show that no iodine 
reacted with the hormone or with urea. A 0.1 N iodine solution 
in 6.66 mM urea stood at room temperature for a month without 
any indication that the urea reacted with the iodine. 

Reactions in Urea Phosphate Buffer—In about 45 minutes, 
iodine was completely used up by tyrosine, when equal moles of 
iodine and tyrosine were dissolved in 6.66 mM urea solution of pH 
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6.85 with 0.1 m phosphate buffer at room temperature. Similarly, 
1 per cent lactogenic hormone’ in the same solvent takes up 2.65 
< 10-* mole of iodine in about 40 minutes. The solution (after 
being dialyzed) was analyzed for iodine and free tyrosine. The 
iodine was found to be 3.4 per cent; the calculated value based on 
the free tyrosine (3.0 per cent) was 3.6 per cent, which checks well 
with the value obtained from the iodine originally added to the 
reaction mixture. It thus appears that iodine acts only on the 
tyrosine group of the hormone and that the reaction kinetically 
resembles that involved in the formation of diiodotyrosine. 

Fig. 1 shows the rates of iodination of tyrosine and of the hor- 
mone at 1.5°. Both substances absorbed iodine initially at exactly 


\ - A Reaction with Tyrosine 


>B Reaction with the Hormone 
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Fic. 1. Reaction rates of iodination of tyrosine and the hormone at 1.5° 


the same rate. This was especially interesting, since it is well 
known that steric hindrance occurs even in simple organic com- 
pounds. Possibly certain phenolic groups in the molecule do not 
associate with other groups to form salt bridges, as suggested by 
Mirsky and Pauling (20), or they stretch to such an extent on the 
surface of the molecule that there is no spatial interference from 
the rest of the molecule. This may also be in accordance with the 
observations of Holiday (21) who found that on the basis of spec- 


7 Since the beef hormone contains 5.84 per cent tyrosine, 1 per cent hor- 
mone solution is equivalent to 3.2 X 10-* mole of tyrosine. Therefore, 
6.4 < 10-* mole of iodine is required to iodinate completely the tyrosine 
groups in the hormone. 
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trographic analysis tyrosine has the same intensity of absorption 
when bound into the protein chain as it has in the free state. 
However, after about one-third of the iodine had been used up, 





iodination of the hormone was slower than that of tyrosine. 
This suggests that the tyrosine groups in the hormone may occur | 
in at least two different structural configurations, in one of which : 


the phenolic groups can rotate freely. In oxidation and reduction 
studies, Anson® has also observed that all tyrosine groups in a 
protein do not behave identically. 


> . Y,) An 
2 4 


t, min 
Fig. 2. A plot of time against the concentration of iodine for the iodina- 
tion of tyrosine at 1.5°. 


It is interesting to note that a straight line was obtained from 
Table V by plotting time against the logarithm of iodine (see 
Fig. 2). This suggests that the reaction is independent of the 
iodine concentration 


d( I,) 
dt 


af y 
= k¢ L rosine ( ©. dine 


where k is the specific rate constant. Results from preliminary 


§ Anson, M. L., private communication. 
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experiments with varied iodine concentrations having a constant 
tyrosine content confirmed this finding. 

Experimental—50 mg. of Preparation L293B were dissolved 
in 5.0 ce. of 6.66 M urea solution, pH 6.85; 0.1 m phosphate 
buffer and 0.3 ce. of 0.0935 N iodine (in 6.66 M urea) were added. 
The solution was allowed to stand at room temperature until the 
iodine disappeared. It was then dialyzed and analyzed for iodine 
and tyrosine as described above. Similarly, 15 mg. of tyrosine 
and 1.75 ec. of 0.0935 N iodine were dissolved and diluted with the 
same buffer to 25 cc. The results are summarized in Table III. 

For the reactions at 1.5°, experiments were carried out in the 
following manner. Hormone solution was prepared by dissolving 
214 mg. of Preparation L293B in 10 ec. of the buffer and 10 ee. 
of 0.027 .N iodine solution with the same buffer; they were then 


TABLE III 


Reactions of lodine with Tyrosine and Lactogenic Hormone in Urea-Phosphate 
Buffer, pH 6.85, at 21-22° 


> ormone . i . | 2 
Prepare ty | tyrosine Preparation} Reaetion | Timeot | dimpper 
mM perl. mM per l, mg. | ec. min. | ma perl, 
L10 3.20 3.32 Oe | Bs | 5 | 1.70 
45 | 3.20 
L13 2.65 0.0 50.0 | 5.0 40 2.65 
L.23 2.65 0.0 50.0 5.0 45 2.65 


set in the thermostatically controlled water tank at 1.5°. After 
about 1 hour, the two solutions were mixed in a 25 cc. volumetric 
flask. 1 ce. of the mixture was pipetted out immediately into 
5 ec. of 0.1 N HCl to stop the reaction and titrated with 0.001 N 
thiosulfate with a 1 per cent starch solution as the indicator. 
The same titration was carried out at different time intervals. 
The titrated solutions were then dialyzed and analyzed for iodine 
and free tyrosine. The results are summarized in Table IV, 
while Table V shows the results obtained from the reaction of 
iodine with tyrosine. 

Reactions in Urea Citrate Buffers—It has already been shown 
that in urea phosphate buffers of pH 6.85 the iodination of lacto- 
genic hormone resembles that of tyrosine. With a urea citrate 
buffer of pH 6.50, this finding was confirmed. 
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51.7 mg. of Preparation L299S* were dissolved in 6.66 M urea 
citrate buffer'® of pH 6.50. 0.4 ce. of 0.0935 N iodine solution 
was added and the final volume was 5 cc. 2.0 ce. of the same 
iodine solution were added to a solution of 15 mg. of tyrosine in 
the same buffer in a final volume of 25 cc. Both reactions were 


TABLE IV 
Reactions of Iodine with Lactogenic Hormone in Urea-Phosphate Buffer, 
pH 6.85, at 1.5° 
Amount of Preparation L293B in 20 cc. of solvent = 214 mg.; concentra- 
tion of iodine = 6.75 X 107? m. 





Iodine absorbed in 1 mg. protein . : 
ieee Free tyrosine 








Time Is — — determination 
| Calculated Found 
min. mM perl | Y Y per cent 
0 6.75 0 0 5.6 
10 5.78 11.60 4.8 
20 5.15 | 19.0 18.7 
35 4.60 | 24.44 | 3.8 
50 4.10 31.31 30.5 
100 3.20 | 39.77 | 4.0 | 2.9 
TABLE V 


Reactions of Iodine with Tyrosine in Urea-Phosphate Buffer, pH 6.85, at 1.5° 
Tyrosine = 3.32 < 10-* Mm; iodine = 6.75 K 107-3 M. 


é Is 
min. mM per l. 
0 6.75 
10 5.80 
20 5.25 
25 4.75 
35 4.40 
45 3.80 
65 3.25 





stopped after 34 minutes. An excess of 0.1 N thiosulfate was 
added to the hormone solution. The solution was then dialyzed 
and analyzed for iodine and free tyrosine, while the tyrosine solu- 


* Sheep hormone contains 4.75 per cent tyrosine (cf. (12)). 
1° The buffer was prepared by dissolving 6.1 gm. of citric acid and 200 gm. 
of urea in 79 cc. of N NaOH and making up to 500 cc. 
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tion was titrated with 0.002 Nn thiosulfate. Experiments were 
carried out at room temperature. 

Results showed that 1.07 X 10-* m of tyrosine was used up in 
the tyrosine solution. If we assume that an equivalent amount of 
tyrosine in the hormone was iodinated, the iodinated hormone 
should have 2.6 per cent of iodine. The iodine found in the hor- 
mone was 2.5 per cent, while that calculated from the free tyrosine 
(3.0 per cent) was 2.6 per cent. Again it appears that iodine 
reacts with the hormone solely by forming diiodotyrosine. 

Isoelectric Point of Iodinated Hormone—Isoelectric points of 
proteins are determined by the dissociation constants of the basic 
and acid groupings in the molecule. A change of one of these 
dissociation constants may be expected to shift the isoelectric 
point in either direction, depending on which group participated. 





TABLE VI 
Electrophoretic Mobility of Iodinated Hormone in Different pH Buffers at 1.5° 
Buffer | pH a X 105 
| 
i L Bids | ——_______ 
Citrate ! | 3.20 +5.29 
Se, ihe 3.99 +2.83 
Phosphate 5.83 —3.92 


6 6.53 —6.05 


That the deamination of proteins changes the isoelectric point 
(22, 23) to the acid side is a typical example. 

As is shown in Table VI, the isoelectric point of the completely 
iodinated lactogenic hormone is about pH 4.7, while the non- 
iodinated hormone has an isoelectric point at about pH 5.8 (9). 
The change corresponds to expectation. It may be recalled 
that the pK of the phenolic group of tyrosine is changed from a 
value of 10.28 to 6.48 by the introduction of iodine into the ben- 
zene, as demonstrated by Dalton et al. (24). Furthermore, the 
work of Neuberger (25) and others has shown that when proteins 
are iodinated the titration curve of the tyrosine phenolic hydroxy] 
group is shifted toward the acid region. 

Experimental—The completely iodinated sheep hormone (Prep- 
aration LI20) was prepared as described in the first part of this 
paper. It contained 6.6 per cent of iodine and had no free tyro- 
sine. A total dose of 5 mg. (at least twenty-five minimal effective 
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doses) given intramuscularly to squabs 1 month old showed no 
crop-stimulating activity. 

Electrophoresis experiments were carried out in a_ Tiselius 
apparatus at 1.5°. Results indicated the presence of a single 
sharp boundary in all experiments; the whole field was scanned. 
Mobilities as a function of pH are summarized in Table VI. 
The isoelectric point was estimated from these data and found to 
be about pH 4.7. 

DISCUSSION 

Biologically active proteins which do not contain prosthetic 
groups are not uncommon. Insulin and pepsin are typical ex- 
amples. The pituitary lactogenic hormone may also belong to 
this class, as it has not yet been shown" to have a prosthetic 
group. Yet studies of the effect on biological activity of specific 
modifications of the molecule may enable us to detect “functional” 
molecular groupings. 

That the free amino groups” are essential for the biological 
activity of the lactogenic hormone has already been demon- 
strated (6, 27). Results herein reported indicate that iodination 
of the tyrosine group in the hormone markedly decreases the 
biological activity. Studies of pepsin and insulin show that 
tyrosine is an essential component of both these substances; yet 
free amino groups are not essential for their biological action. 
Lactogenic hormone would seem to be the first protein substance 
in which both tyrosine and free amino groups have been shown to 
be essential. 

SUMMARY 


The reaction of iodine with lactogenic hormone has been studied 
in different solvents at varied pH. The reaction of iodine with 
tyrosine was also studied in some of these solvents. The results 
may be summarized as follows: 

1. Ilodinated lactogenic hormone is almost completely inac- 
tivated. 

2. The action of iodine on the hormone is only on the tyrosine 
molecule. 

' Our unpublished work and that of White and Lavin (26) indicated that 
the ultraviolet absorption spectrum of lactogenic hormone has the same 


pattern as for insulin and pepsin. 
12 The free amino groups are probably the e-amino groups of lysine. 
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3. That the tyrosine group is essential for the biological ac- 
tivity of the hormone is thus indicated. 

4. Kinetic data suggest that some tyrosine groups of the hor- 
mone react with iodine at the same rate as pure tyrosine, whereas 
other tyrosine groups react more slowly. 

5. At pH 3.8 or lower, there is no reaction between iodine and 
the hormone. It is concluded that no —SH groups are present 
in aqueous or in 6.66 M urea solutions. 

6. The isoelectric point of the iodinated hormone is shifted from 
pH 5.8 to about pH 4.7 in accordance with expectation. 
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The belief that human breast milk is superior to cow’s milk in 
the nutrition of the human infant is held by many pediatricians. 
The theory is based almost wholly upon clinical experience (1, 2). 
Studies of the amino acid composition of the proteins of cow’s 
milk have been numerous but little information is available con- 
cerning the composition of human milk proteins. The present 
study of the constitution of these proteins was undertaken, first, 
because the milk proteins which are elaborated for the young at 
a time ‘when requirements for growth are at a maximum might 
be expected to have the ideal pattern of amino acid distribution 
for supporting rapid growth, and, second, because a comparative 
study of the composition of cow and human milk proteins might 
amplify our knowledge of their relative nutritive values. While 
amino acid composition is not the only factor determining the 
biological value of proteins, its importance cannot be minimized. 


EXPERIMENTAL 


The distribution of the casein, whey protein, and non-protein 
nitrogen in the total nitrogen of milk samples was determined by 
an adaptation of the methods of Rowland (3). 


* Preliminary reports of this investigation were presented before the 
meetings of the American Institute of Nutrition, at Toronto, April 26, 
1939, and the Society for Pediatric Research, at Skytop, Pennsylvania, 
April 26-27, 1939. 

1 Total nitrogen was determined by the macro-Kjeldahl method, on 5 
ml. of milk. To determine the non-casein nitrogen 20 ml. of milk were 
placed in a 100 ml. volumetric flask. 60 ml. of water at 40° were added, 
followed by 2 ml. of 10 per cent acetic acid. After 10 minutes, 2.0 ml. of 
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The protein fractions of cow’s milk were prepared from three 
lots of mixed milk obtained from the same herd of cows. The 
human milk samples were mixtures of milk obtained from mothers 
producing large volumes of milk, known to be in the mature stage 
of lactation. No milk was taken earlier than 8 weeks or later 
than 6 months post partum. 

Casein fractions were prepared by the method of Van Slyke and 
Baker (4).2- The soluble protein fractions of the milk were pre- 
pared from the whey remaining after the precipitation of casein, 
The whey was placed in collodion sausage casing sacs with thymol 
as a preservative and dialyzed with running tap water until the 
test for reducing sugar with Benedict’s reagent was negative. 
About 16 to 18 hours were sufficient to complete the dialysis. 
(It was found that protein preparations made from whey which 
was not dialyzed were contaminated with large amounts of carbo- 
hydrate.) After dialysis the whey was mixed with a 33 per cent 
by weight solution of trichloroacetic acid in sufficient amount to 
bring the resulting mixture to a concentration of 8 per cent tri- 
chloroacetic acid. After 30 minutes the whey protein fraction 


normal sodium acetate were added. The mixture was allowed to cool to 
room temperature, diluted to volume, and filtered. A macro-Kjeldahl 
determination was made on 50 ml. of the filtrate to ascertain the amount of 
non-casein nitrogen present. To determine the non-protein nitrogen 10 ml. 
of milk were placed in a 50 ml. volumetric flask and made to volume with 
15 per cent trichloroacetic acid. After 30 minutes the mixture was filtered 
and the nitrogen contents of 10 ml. aliquots of the filtrate determined by 
the Van Slyke manometric micromethod. 

* The milk was centrifuged at high speed until no further separation of 
fat could be obtained. The fat separated readily from cow’s milk but, 
frequently, difficulty in separating was encountered with freshly drawn 
human milk, probably owing to the fine dispersion of the fat globules. 
Upon being held in refrigeration for 24 hours the fat could be removed 
completely enough to permit a sharp precipitation of casein. 1 liter of 
fat-free milk was diluted with an equal volume of distilled water and placed 
ina3Sliterjar. A mixture of 1 part of normal hydrochloric acid and 2 parts 
of normal acetic acid was introduced very slowly, during efficient mechan- 
ical stirring, through a capillary extending below the surface of the milk, 
until the isoelectric point of casein was reached. The precipitate was 
washed, and then purified once by dissolving with 0.1 N sodium hydroxide 
(pH 7), as described by Van Slyke and Baker (4). The casein was washed 
with distilled water, then with 45 per cent alcohol, finally with 95 per cent 


alcohol and ethyl ether, and dried in a vacuum oven at 70 
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was centrifuged off and suspended in 95 per cent alcohol. A half 
volume of ether was added to the aleohol-whey protein suspension 
and the whey protein centrifuged off, washed with ethyl ether, and 
transferred to a desiccating vacuum oven at 70° for drying. 


TABLE I 
Chemical Composition of Milk 
The values, measured in gm. per 100 ml., represent averages obtained 
from the analyses of three different samples of cow’s milk and five samples 
of human milk. 


Cow | Human 

Fat iad 3.89 | 4.12 
Total nitrogen ’ 0.5176 0.1616 
Ash 0.780 0.210 
Calcium 0.1240 0.0318 
Magnesium 0.0122 0.0038 
Potassium 0.1550 0.0498 
Sodium wi 0.0497 0.0113 
Phosphorus 0.0944 0.0134 
Chlorine | 0.1050 0.0322 
Sulfur. 0.0326 0.0139 


TABLE II 
Average Nitrogen Distribution in Milk 


No. of samples 

Total nitrogen 

Casein 

Whey protein nitrogen 
Non-protein 


Cow’s milk 


mg. per 100 ml. 
3 
517.6 
104.6 
&S.8 


24.2 


Human milk 


mg. per 100 ml. 
4 
161.6 
18.6 
77.0 
36.0 


The milk proteins were analyzed for total nitrogen content by 


the macro-Kjeldahl procedure and for total sulfur as sulfate after 
combustion in the oxygen bomb. The basic amino acids were 
determined by the methods of Block (5) with nitranilic acid as the 
precipitant for histidine. Correction factors were applied to the 
arginine and lysine values to allow for solubility losses in the 
micro adaptation of the method. These are described in the foot- 
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notes to Table III.* Tyrosine and tryptophane were determined 
by the method of Folin and Marenzi (6). Cystine was determined 
through its cuprous mercaptide by the method of Graff, Maculla, 


TaB_e III 


Amino Acid Composition and Nitrogen Content of Milk Protein Fractions* 








Casein Whey protein 
Cow Human Cow Human 
per cent per cent per cent per cent 
Total N... ..|14.50 + 0.27 [14.62 + 0.14 |14.20 + 0.05 |13.73 + 0.15 
Histidine 1.81 + 0.23} 1.80+ 0.06! 1.41 + 0.15! 1.13 + 0.08 
Arginineft 3.79 + 0.20| 3.314 0.05! 3.46 + 0.08! 5.18 + 0.16 
Lysinet 6.20 + 0.06) 5.21 + 0.09) 7.91 + 0.30) 5.80 + 0.16 
Tyrosine 6.01 + 0.13) 6.11 + 0.32) 4.70 + 0.11!) 5.20 + 0.05 
Tryptophane. . 1.11 + 0.07; 1.69+ 0.14; 1.814 0.10} 2.32 + 0.09 
Cystine 0.26 0.73 + 0.07 | 2.49 + 0.02, 3.09 + 0.31 
Methionine 3.10 2.19 2.73 1.91 
Cystine 8 0.069 0.195 0.662 0.825 
Methionine 8 0.666 0.471 0.586 0.410 
Cystine S + me- 
thionine S 0.735 0.666 1.248 1.235 
Total S 0.796 0.682 1.262 1.298 





* Casein of cow’s milk represents the average obtained on the analysis 
of two preparations. The other protein fractions are averages of three 
preparations. The plus-minus figures represent the approximate range of 
values among the preparations. No range is given for total sulfur or 
methionine, since these results were obtained on mixed preparations, owing 
to insufficient material. 

+t The arginine values are corrected for loss through solubility of arginine 
silver by the factor 3.6 mg. per 100 ml. proposed by Gulewitsch (10). For 
instance, in the present adaptation of the Block method a volume of 325ml. 
used (which includes mother liquor and washings) gives a solubility loss of 
11.8 mg. of arginine. 

t The lysine values are corrected for the constant loss of 8.34 mg. of 
lysine mostly through the solubility of lysine phosphotungstate. This 
factor was determined by Tristram (11). 


and Graff (7) and methionine by the methods of Baernstein (8) 
with some modifications introduced by Kassell and Brand (9). 


3 It is recognized that small losses of histidine, also, are incurred in the 
procedure. Work is in progress on the estimation of histidine by the 
nitranilic acid procedure and special attention is being given the determina- 


tion of an accurate correction factor. 
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The fat content of the milk samples and their contents of the 
mineral elements calcium, magnesium, sodium, potassium, phos- 
phorus, chlorine, and sulfur were also determined. 


Results 


The lipid, nitrogen, and mineral ash constituents of cow and 
human milk samples are shown in Table I. The distribution of 
total nitrogen in cow and human milks is shown in Table II. 
Differences in the distribution are striking, human milk containing 
































TaBie IV 

Amino Acid Composition of Milk 

| Cow Human 

| Casein | A. 4 Total Casein A. 4 Total 

106 ml, | 100 mi. | 100 ml. | 25.6 mi.* 100 ml. | 100 ml. | 100 ml. 
Nitrogen........... 404.6 | 88.8 | 493.4 |125.6 | 48.6 | 77.0 |125.6 
iy inscsewed 50.5 | 8.8 59.3 | 15.1 6.0 6.3 12.3 
Arginine........... 105.7 | 21.6 | 127.3 | 32.4 | 11.0 | 29.0 | 40.0 
NG hin oien tae xt | 173.1 | 49.5 22.6 | 56.7 | 17.3 | 32.4 | 49.7 
Tyrosine 167.9 | 29.4 197.3 | 50.2 | 20.4 | 29.2 | 49.6 
Tryptophane 31.3 | 11.3 42.6 | 10.8 5.7 | 13.0 | 18.7 
Cystine. . 7 7.3|/15.5 | 22.8] 5.8 | 2.5 | 17.3 | 19.8 
Methionine. ....... 86.6 | 17.1 | 103.7 | 26.4 7.2 | 10.9 | 18.1 
Cystine S.......... 1.9} 4.1 6.0; 1.5 0.7 4.6 5.3 
Methionine 8......| 18.6 | 3.7 22.3 5.7 1.5 2.3 3.8 
Cystine S + me- 

thionine S....... 20.5} 7.8 28.3) 7.2 2.2 6.9 9.1 





* 25.5 ml. of cow’s milk contain as much protein nitrogen as 100 ml. of 
human milk. 


only 30 per cent as much total nitrogen and only 25 per cent as 
much protein nitrogen as does cow’s milk. The mineral content 
of human milk, shown in Table I, is correspondingly low. In the 
two milks the whey protein occurs in approximately equal con- 
centrations but the casein content of cow’s milk is 8 times as great 
as that of human milk. 82 per cent of the protein nitrogen of cow’s 
milk was found to be in the form of casein, while in human milk 
only 39 per cent was contained in the casein fraction, results 
which are similar to those found in the literature. 
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The amino acid composition of the casein and whey protein 
fractions of cow and human milks is shown in Table III. The 
differences in amino acid composition are not great among the 
protein fractions of the two milks. The casein fraction of human 
milk has a significantly higher tryptophane content and is higher 
in cystine and lower in methionine than cow casein. The whey 
protein of human milks is significantly higher in arginine and 
cystine and lower in lysine and methionine than cow whey protein. 
While these data differ somewhat from those of Plimmer and 
Lowndes (12) in minor details, the results are similar. The 
analyses of cow’s milk casein for basic amino acids agree with 
values obtained by Vickery and White (13). 

The quantities of each of the seven amino acids and nitrogen in 
the mixed proteins of 100 ml. of each of the two kinds of milk 
have been calculated from the data in Tables II and III and are 
presented in Table IV. It is apparent that all of the amino acids 
with the exception of cystine occur in much higher amounts in 
cow’s milk. Approximately equal quantities of cystine occur in 
100 ml. of each of the two kinds of milk. 


DISCUSSION 


To obtain a comparison of the relative amino acid composition 
of the mixed proteins of cow and human milks the data must be 
‘alculated on the basis of equal amounts of protein nitrogen. 
For this reason Table IV has a column showing the amino acid 
composition of 25.5 ml. of cow’s milk, which contain a quantity 
of protein equal to that in 100 ml. of human milk. In spite of the 
differences between the two milks, in the distribution of protein 
nitrogen between casein and whey proteins, there is a surprising 
similarity in contour of the amino acid composition of the protein 
mixtures, with respect to histidine, arginine, lysine, tyrosine, and 
tryptophane. It is interesting to speculate whether the amino 
acid pattern of whole milk protein is ideal for growth purposes 
and therefore is repeated in the two species. The similarity in 
composition of the milk protein mixtures of the two species is not 
carried out with respect to cystine and methionine although the 
amounts of sulfur furnished by the proteins of the two milks are 
approximately equivalent. 
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SUMMARY 


1. Samples of human and cow’s milk were examined for their 
lipid and mineral content and the distribution of total nitrogen 
in casein, whey protein, and non-protein nitrogen. 

2. Samples of casein and whey protein were prepared from cow 
and human milks and analyzed for seven amino acids: histidine, 
arginine, lysine, tyrosine, tryptophane, cystine, and methionine. 

3. In the proteins of cow’s milk the preponderance of sulfur is 
in the form of methionine, with very little in the form of cystine, 
while in the proteins of human milk the sulfur is about equally 
divided between cystine and methionine. 

4. The amounts of the seven amino acids contained in the 
proteins of 100 ml. of human and cow’s milk, respectively, were 
calculated to be 12 and 59 mg. of histidine, 40 and 127 mg. of 
arginine, 50 and 223 mg. of lysine, 50 and 197 mg. of tyrosine, 
19 and 43 mg. of tryptophane, 20 and 23 mg. of cystine, and 18 
and 104 mg. of methionine. 
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Several reports on the concentration of individual phospho- 
lipids in normal human plasma have been made in recent years 
(3, 5, 7-9). Values for sphingomyelins show the greatest dif- 
ferences, probably because of the different criteria used for dis- 
tinguishing them (insolubility in ether (5), weight of the precipitate 
with Reinecke acid (8) or of the acetone-insoluble fraction of the 
precipitate (7), or phosphorus content of the precipitate (3)). 
But even if only figures obtained by the same authors using the 
same methods are considered, individual variations are often so 
great that one might reasonably attribute them to inaccuracies in 
the extraction and purification of lipids (see also (6)). 

Procedures which may reduce or avoid these errors have been 
investigated. A series of determinations on a fairly large number 
of individuals was then made, and, in connection with their possible 
réle in the transport of fatty acids, postabsorptive values of 
individual plasma phospholipids have been compared with those 
obtained after the ingestion of milk fats. 


EXPERIMENTAL 

While it is doubtful whether the ether-insoluble fraction of 
phospholipids represents only sphingomyelins, the determination 
of the latter by their more specific precipitation with Reinecke 
acid, as described by Thannhauser and Setz (8), requires large 


* Aided by a grant from the Dazian Foundation for Medical Research. 
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samples of blood.' Therefore in the present investigations the 
separate evaluation of sphingomyelins has been omitted, and only 
the choline-containing (lecithins plus sphingomyelins) and total 
phospholipids have been directly determined, cephalins being 
calculated by difference. 

Blood was collected from young healthy students in the morn- 
ing, after fasting, or 3 hours after taking cream (} to 4 pint) or 
milk (? to 2 pints). Sodium fluoride or, in a few cases, heparin 
has been used as anticoagulant. The determinations were made 
from March through September, 1940. 

Extraction and Purification of Lipids—In the writer’s opinion, 
the main errors in previous determinations may have resulted 
from: (a) incomplete or irregular recovery of phospholipids when 
petroleum ether was used to purify the lipid extracts. Data on 
this point obtained in this laboratory are omitted because they 
coincide with others recently published ((3), see also (1)); (6) 
the presence in the lipid extracts of contaminants which are 
evaluated as choline, and therefore give too high figures for choline- 
containing phospholipids. The possible presence of carbon- or 
phosphorus-containing substances other than phospholipids should 
also be considered, if total phospholipids are calculated from the 
carbon of the acetone precipitates or from the phosphorus of the 
lipid extracts. 

With these ideas in mind, the following methods have been 
compared experimentally: (a) extraction with cold and sub- 
sequently with hot alcohol in a continuous extraction apparatus 
of the Kumagawa-Suto type; (6) precipitation of plasma proteins 
by 55 per cent saturation with ammonium sulfate at an apparent 
pH of 3, washing with the acid-salt solution, and subsequent 
extraction of the precipitate with hot alcohol as above; (c) and 
(d) precipitation with “colloidal iron’’ and magnesium sulfate, 
washing with the saline solution, and extraction of the precipitate 
with cold alcohol-ether (4). 

In methods (a), (b), and (c), the aleohol or alcohol-ether was 
subsequently evaporated under reduced pressure and the dry 
residue reextracted with chloroform and filtered through asbestos, 


‘Unlike our previous attempts (1), recent experiments of Erickson et 
al. (3) led to a microprocedure based on the precipitation of sphingomyelins 
with Reinecke acid. However, the method was published after the com- 
pletion of the present analyses. 
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whereas in method (d) the treatment with chloroform was 
omitted. 


Procedures 


Phosphorus and choline have been estimated and phospholipids 
calculated as previously described (1). Total fatty acids plus 
unsaponifiable substances have been evaluated oxidimetrically 
(according to Bloor (2)) after saponification, extraction with 
peroxide-free ether, and purification with dry petroleum ether. 
Duplicate determinations were always made for choline and fatty 
acids, and frequently for phosphorus. 


DISCUSSION 


Data on the phosphorus and choline contents of lipids extracted 
and purified by different methods (Table I) show that the extrac- 
tion of phospholipids is probably complete with all the procedures 
tested, but washing of the protein-lipid precipitate with the saline 
aqueous solutions frequently removes substances which would 
otherwise be computed as choline. On the other hand, with 
methods (c) and (d), though the same values for choline are 
obtained, slightly higher figures for phosphorus are occasionally 
found when the chloroform purification is omitted.? 

Aside from this finding, which can probably be overlooked in 
routine analyses, the present data indicate the reliability of Folch 
and Van Slyke’s original procedure, method (d), for the determina- 
tion of individual phospholipids (see also (3)). However, the 
results presented in Tables II and III have all been obtained with 
method (6) or (c). 

Differences in the procedures for the purification of lipid extracts 
probably account for the different average values found in present 
(Table II, sixteen determinations) and previous analyses ((5), 
twenty determinations; (7), six determinations; (3), four determi- 
nations), the main difference being the lower values for cephalins.* 


? It should be noted that in our hands Roman’s method for choline some- 
times gave errors as high as 10 per cent, whereas the analytical error of 
Tisdall’s procedure for phosphorus never exceeded 2.5 per cent. 

* According to the data of Thannhauser et al. (7) the proportion of sphin- 
gomyelins in human plasma is fairly constant (23 mg. per 100 ce.). If this 
figure is combined with those of the present analyses, lecithins would 
average 65, cephalins 20, and sphingomyelins 15 per cent of the total phos- 
pholipids in the plasma of normal fasting subjects. 
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TaBLe I 
Phosphorus and Choline Content of Plasma Lipids Extracted and Purified 
by Different Methods 
The values are given in mg. per 100 cc. The methods are described in 
the text. 




















Phosphorus Choline 
. * Method 
a b c d a b c d 
1 5.61 | 5.52 | 5.57 | 5.69 | 21.7 15.0 | 15.7 | 14.8 
2 5.77 | 5.65 | | 16.5 | 14.9 | 
3 | 6.30 | 6.38 | 6.48 | 30.0 | | 19.4 | 18.3 
t+ | 7.39 | 7.30 | 7.55 | 4.8 | 23.0 | 22.0 
5 5.65 5.75 | | 21.7 | 18.2 | 17.6 | 
6 | 5.83 | 5.87 | 6.03 | 19.6 | | 20.3 | 19.8 
7 5.76 | 5.80 5.85 | 21.4 | 19.4 | 19.0 | 
s 6.05 6.27 6.92 | 20.1 | 17.4 | 16.9 
9 6.17 5.90 5.95 17.5 | 16.8 17.2 
10 7.39 8.32 24.3 21.1 
11 5.60 6.10 18.8 | 17.8 
12 | 7.22 | | 7.37 | 7.52 | 19.4 15.5 | 14.7 
13 | | 6.03 | 6.19 | | 16.7 | 17.2 
Taste II 


Phospholipids and Total Fatty Acids Plus Unsaponifiable Substances in 











Normal Human Plasma 


| Total fatty 


| 
| Choline . : 
. Total phos- | acids + un- 
Cephalins | phospho- | ‘pholipids | saponifiable 
eae substances 


Fasting; 16 analyses 





152 + 16 


| 


, a ae F | | | 

Averages, mg. per 100 cc....| 3049.5) 122+ 14 | 376 + 72 
Range, mg. per 100 cc. | 13-46 | 103-157; 128-191 | 245-498 
Standard deviation, % +31.6 +11.9 +10.8 +19.1 
Extreme = % —57, +53 —16, +29) —16, +26 —35, +32 

Absorptive; 10 analyses 

Averages, mg. per 100 cc. 47 +12; 129+17) 176+ 15 493 + 74 
Range, mg. per 100 cc. 35 — 72 99-151) 147-191 389 — 688 
Standard deviation, % +25.6 +13.1 +8 .6 +15.0 
Extreme ws % —26, +53 | —23, +17) —16, +8.6) -—21, +40 
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Except for the cephalin figures (which, being calculated indi- 
rectly, are probably less accurate), in the present investigations 
the mean and extreme deviations from the averages are moderate. 
They are much lower than in the extensive analyses of Kirk (5), 
in which individual deviations as great as 150 per cent for ceph- 
alins, 87 per cent for choline-containing phospholipids, and 90 
per cent for total phospholipids were found. 

Average values after ingestion of milk or cream (Table II) are 
higher than in the postabsorptive state, the increase of cephalins 
being most conspicuous. However, because of the extent of in- 


TaBLeE III 


Phospholipids and Total Fatty Acids Plus Unsaponifiable Substances in 
Plasma of Men after Ingestion of Cream and without Cream 


The values are given in mg. per 100 ce. 











| - : | Total fatty 
Subject be open Cephalins phecnhelipids | phos hulipids a 

substances 
J. F. Without 35 106 141 301 
After 48 99 147 486 
G. C, Without 30 130 160 451 
After 35 150 185 525 
S.. Without 35 103 138 415 
After 37 114 151 399 
W.P. | Without 46 125 171 415 
| After 40 141 181 490 
Fr. © | Without 34 157 191 485 
| After 72 119 191 492 
K.O. Without 45 113 158 392 
| After 4 120 184 502 

















dividual variations, the differences between the averages are not 
statistically significant. 

If figures obtained on the same individual without and after 
ingestion of cream are compared (Table III), a proportionally 
greater rise of cephalins is found in three of the six experiments. 
Certainly no preferential increase of the choline-containing phos- 
pholipids is usually apparent in men absorbing milk fats. 

On the contrary, an increase of both lecithins and total choline- 
containing phospholipids (with a simultaneous decrease of ceph- 
alins) frequently occurs in rabbits after ingestion of large amounts 
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of olive oil (1). Aside from the differences in the relative amounts 
and types of ingested fats, it may be noted that the slow absorp- 
tion in herbivorous animals probably made the condition of our 
previous experiments similar to the continuous feeding of fats over 
a prolonged period. 


The author is indebted to Mr. J. A. Freeman for several of the 
analyses and for revising the manuscript. 


SUMMARY 


Comparative data on the phosphorus and choline content of 
plasma lipids extracted and purified by different methods are 
reported. 

Sixteen determinations on fasting young men gave the following 
average values, total phospholipids 152 + 16, choline phospho- 
lipids 122 + 14, cephalins 30 + 9.5 mg. per 100 ec. of plasma. 

Ten determinations on human plasma after ingestion of milk or 
cream gave higher average values, especially for cephalins. No 
preferential increase of choline phospholipids has been demon- 


strated. 
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THE ACTIVITY OF CARBONIC ANHYDRASE IN RELATION 
TO THE SECRETION AND COMPOSITION OF 
PANCREATIC JUICE 


By HELEN F. TUCKER* anv ERIC G. BALL 
(From the Department of Biological Chemistry, Harvard Medical School, 
Boston) 


(Received for publication, January 24, 1941) 


The concentration of the bicarbonate ion in pancreatic juice is 
5 to 6 times that of the blood serum of the same animal when the 
rate of juice formation is near its maximum. As the rate of secre- 
tion diminishes, the amount of bicarbonate in the juice may fall 
to values of the same magnitude as for the serum (1, 2, 13). One 
possible explanation of these facts is that the bicarbonate of the 
juice arises from the carbon dioxide produced by the metabolic 
activity of the gland itself. Thus the bicarbonate content of the 
juice would be greatest when the activity of the gland, and pre- 
sumably its carbon dioxide production, is at a maximum. Such a 
conversion of metabolic carbon dioxide into bicarbonate ions 
would, however, necessitate the rapid hydration of carbon dioxide 
by the pancreatic cells. According to van Goor (11), the pancreas 
is well supplied with the enzyme carbonic anhydrase which cat- 
alyzes just this reaction. Van Goor postulates (12) that carbonic 
anhydrase is present in the pancreas because it plays a réle in 
pancreatic juice formation. Now, if such a mechanism is con- 
cerned in the formation of the bicarbonate of pancreatic juice, 
then changes in the activity of carbonic anhydrase should be 
reflected in the composition of the juice. With diminishing ac- 
tivity of this enzyme, one might expect a corresponding fall in the 
bicarbonate content of the juice with or without a corresponding 
decrease in the rate of juice formation. The activity of carbonic 
anhydrase may be inhibited by sulfanilamide (Mann and Keilin 

*On sabbatical leave from the Department of Chemistry, Skidmore 
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(15)) or by thiocyanate (Davenport (8)). A study, therefore, 
of the composition of pancreatic juice obtained from dogs before 
and after the injection of sulfanilamide or thiocyanate should 
furnish an answer to the réle of carbonic anhydrase in pancreatic 
juice formation. Such a study is reported here. 


Methods 


Dogs which had not been fed for 24 hours were used in all ex- 
periments. The weight of these animals varied from 8 to 22 kilos 
(average, 15 kilos). Nembutal (32 mg. per kilo) injected into the 
peritoneum was used as an anesthetic. A cannula was inserted 
in the main pancreatic duct by a procedure similar to that re- 
ported by Ball (1). Secretin prepared by the method of Cowegill 
and Mendel (6) was injected into the left femoral vein to stimulate 
the flow of pancreatic juice which was collected under oil in gradu- 
ated 15 cc. centrifuge tubes. Secretin injections were given at regu- 
lar intervals and at dosage levels that insured as maximum a rate of 
flow of juice as was possible. The first flow of juice was considered 
to be a composite of that stimulated by the secretin injection and 
that already present in the gland. A second juice sample which 
always showed an increase in bicarbonate content was used to 
represent the control juice. A solution of sulfanilamide or sodium 
thiocyanate was then injected into the right femoral vein from a 
burette attached to a needle. Secretin was again injected and a 
sample of juice obtained. A blood sample, collected under oil, was 
taken from the jugular vein. Serum was drawn off under oil 
after the blood had been centrifuged. In two of the experiments 
in which sodium thiocyanate was used, the total dosage was in- 
ereased by further injections, after each of which the juice flow was 
stimulated by secretin, and samples of juice and blood were ob- 
tained. In all other experiments, in which the total dosage of 
sulfanilamide or sodium thiocyanate was administered in one 
injection, samples of juice and serum were collected at definite 
intervals following secretin injections. The dog was maintained 
under the influence of the nembutal throughout the experiment, 
and sacrificed at the end. 

The total CO, content of the pancreatic juice and serum samples 
was determined by the method of Van Slyke and Neill (20). The 
analysis for chloride was made according to the method of Van 
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Slyke as modified by Wilson and Ball (21). When thiocyanate 
was present, it was shown by experiment that it was destroyed 
quantitatively during the acid digestion, and did not affect the 
accuracy of the chloride determination. 

Hydrogen ion concentrations of the juice were determined 
potentiometrically at 30° by means of a glass electrode of the type 
introduced by MacInnes and Belcher (14). An amplification unit 
similar to that described by van Dyke (9) wasemployed. Calibra- 
tion of the glass electrode was performed with solutions of known 
pH, determined with the hydrogen electrode provided with a Clark 
type of shaking vessel and a saturated KCl-calomel half-cell 
standardized against both a 0.1 m KCl-calomel half-cell and 
standard acetate buffer, as described by Clark (5). Clark’s 
tentative standard of potential was used. 

The concentration level of sulfanilamide obtained in the samples 
of juice and serum was determined by the method of Bratton and 
Marshall (3). Since this drug is not acetylated in the dog (16), 
preliminary hydrolysis was unnecessary to obtain total sulfanil- 
amide concentrations. 

Analysis for thiocyanate concentration in juice and serum 
was made according to the method of Crandall and Anderson (7). 


Results 


Table I summarizes the results of a typical experiment in which 
sulfanilamide was injected. Tests on Juice 2 collected before the 
injection showed that pancreatic juice contained no substances 
reacting with the sulfanilamide reagent. The data show that 
neither the composition of the pancreatic juice nor its rate of 
secretion undergoes any significant change as a result of the in- 
jection of this drug. Sulfanilamide appeared promptly in the 
juice but its concentration in the juice in this experiment did not 
reach values comparable to that of the blood serum until several 
hours after the injection. Similar differences in sulfanilamide con- 
centrations in blood and pancreatic juice have been reported by 
Marshall, Emerson, and Cutting (17) and by Carryer and Ivy 
(4). The latter workers have also reported no alteration in rate 
of juice secretion when sulfanilamide concentrations in the juice 
reached a value of 13 mg. per cent. 

A sulfanilamide concentration of 20 mg. per cent was obtained 
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in Juice 3 collected immediately after the injection. This value 
corresponds to a concentration of 1.2 X 10-* M, which is 60 times 
the value which Mann and Keilin (15) found to inhibit almost 
completely carbonic anhydrase in their experiments. 

In Table II, the results of a typical experiment in which sodium 
thiocyanate was injected are given. Juice 2, collected before the 
injection, gave no reaction with the thiocyanate reagent. Four 
injections of sodium thiocyanate were made in all, serum and 
juice samples being collected after each injection. Thiocyanate 


TABLE | 
Composition of Pancreatic Juice and Blood Serum As Influenced by 
Injection of Sulfanilamide 
Dog 3, male, 13.4 kilos. 


| 


Sample Time ia me pH so cl nilemide 
| sample 
a. | MM per mM per | mg. per 
l. l cent 
Juice 1 10 .45-11.06 a.m. 7 8.10 127 31 
= 2 11.06-11.27 ‘‘ 9 8.35 135 22 0 
11.27-11.49 “ 135 | 1.5% sulfanilamide solu- 
tion injected  intra- 
venously 
a 3 11.49 a.m.-12.10 p.m. 8.3 | 8.35 124 27 20 
Serum 1 11.50 “ 20* } 24 106 32 
Juice 4 12.10-12.32 p.m. 7 8.40 127 25 13 
Serum 2 12.32 p.m. 20* 24 25 
Juice 5 2.09-2.35 p.m. 6.5 | 8.40 | 120 30 10 
Serum 3 2.43 p.m. il* 24 12 


* Amount of whole blood. 


appeared promptly in the juice after intravenous injection. No 
appreciable changes in the chloride or bicarbonate composition of 
juice or serum occurred after the first two injections. After the 
third injection, the rate of juice secretion declined and there was a 
slight fall in bicarbonate, and a concomitant rise in chloride con- 
centration. A fall in serum chloride but not bicarbonate concen- 
tration also became evident. After the last injection, the animal 
showed evidence of marked distress, with violent abdominal 
heaving and diarrhea. A response was, however, still obtained 
on injection of secretin, but the rate of secretion had markedly 
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diminished. The fall in bicarbonate and rise in chloride concen- 
tration which occurred in Juice 6 we believe can be attributed en- 
tirely to the altered rate of secretion. This latter effect has been 
discussed in the introduction. The concentration of thiocyanate 
in Juice 6 of 28 mm per liter is 4 times the concentration Davenport 


TABLE II 


Composition of Pancreatic Juice and Blood Serum As Influenced by 
Injection of Sodium Thiocyanate 


Dog 11, male, 16 kilos. 


























Sample Time “a | pH Tora Cl one 
Po & w wig ete of 
Juice 1 10.15-10.25 a.m. | 8 8.0 122 30 
ig 2 10.25-10.36 ‘ 11 8.15 137 22 0 
Serum 1 | 10.32 a.m. | ae 24 109 
| 10.36-10.49 a.m. | 80 | Sodium thiocyanate in- 
jectedt | 
Juice 3 | 10.52-11.02 “ 6.5 130 | 26 
Serum 2 10.54 a.m. 20* 24 103 21 
11.05-11.13 a.m. 40 Sodium thiocyanate in- 
jectedt 
Juice 4 | 11.17-11.27 “ | 8 | 8.10 [134] 23] 12 
Serum 3 11.20 a.m. 20* | | 25 99 28 
11.29-11.39 a.m. | 40 | Sodium thiocyanate in- 
jectedt | 
Juice 5 | 11.42-11.52 “ 4 | 8.05 |127 | 30 | 16 
Serum 4 11.50 a.m. 20* | 24] 93 | 35 
11.52 ‘* -12.04 p.m. | 40 | Sodium thiocyanate in- 
| jectedf | 
Juice 6 12.08-12.35 p.m. 3 | 108 | 43 28 
Serum 5 | 12.30 p.m. | 12° | | 20} 89] 42 


* Amount of whole blood. 
t 10 per cent solution intravenously. 


(8) reports as necessary for the nearly complete inhibition of 
carbonic anhydrase. 

A summary of the pertinent data of all experiments performed 
is given in Table III. Each experiment summarized here re- 
sembled in detail those presented in either Tables I or II. Four 
experiments were performed in which sulfanilamide was injected, 
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the total dosage varying as indicated. In no instance was a change 
in the rate of secretion or the bicarbonate concentration of the 
juice greater than 10 per cent produced. 


TABLE III 


Summary of Experiments 





| | P : | 
| Maximum drug con | Total CO: 



































het lpn. | ee Le eee 
injected dosage ja flow a aeecentiel . 
juice Serum | juice | Serum 
| | | 
i ee . - | on om | mM per lL. | ma per l. 
Sulfanilam- 1 0 0.61 110 
ide 0.005 | 0.67 119 
2 0 0.33 146 
0.1 0.33 12 14 131 
3 0 0.45 135 
0.15 | 0.43 20 32 124 24 
a» @ 408 0.13 92 
| 0.5* | 0.46 | 64 77 93 | 33 
| | ma perl. | ma per l. | | . 
Sodium thio- 5 | 0 | 0.44 | | 
cyanate | - a | 
| 6 | 0 | 0.33 | | 116 
| 1.2 0.044 | 19 | 48 | 91 16 
Ba we i. | 0.28 | | 135 | 
| | 10 | 0.011; 21 | 43 | 4 | 21 
| 9g 0 | 0.95 | 132 
0.25 | 0.70 | 5 13 115 25 
| | 0.50 | 0.55 9 20 110 25 
| | 1.00 0.00 | 40 20 
| ll | 0 | 1.1 137 24 
| 0.5 0.65 8 21 130 24 
| 0.75 0.80 12 28 134 25 
| | 1.00 | 0.40 | 16 35 127 | 24 
|} 1.25 | 0.11 | 28 | 42 | 108 | 20 





* Injected as the sodium salt. 
t The dog died as a result of the injection. 


Five experiments were performed in which sodium thiocyanate 
was injected. In one of them, a dosage of 1.5 gm. per kilo proved 
fatal. In the other four experiments, a total dosage was adminis- 
tered which produced obvious distress in the animal. In two of 
these cases, Dogs 6 and 8, the thiocyanate was administered step- 
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wise, as Outlined in Table II; and in the other two experiments, 
Dogs 9 and 11, the injection was uninterrupted. In all experi- 
ments, the results are similar. Injection of thiocyanate caused 
a decrease in rate of flow which was attended by a diminution in 
bicarbonate content. 


DISCUSSION 


The results presented here are interpreted by us to indicate that 
carbonic anhydrase is not essential for the formation of the bicar- 
bonate of pancreatic juice. We feel that the experiments in 
which sulfanilamide was injected furnish the best evidence for such 
aconclusion. In the case of Dog 4, Table III, there was no altera- 
tion in juice composition when the concentration of sulfanilamide 
in the juice reached a value nearly 200 times that described by 
Mann and Keilin (15) as inhibiting almost completely~ carbonic 
anhydrase in their experiments. Since there is no indication that 
the pancreas concentrates sulfanilamide in the juice, the amount 
of this drug within the cells of the pancreas is probably not greatly 
different from that found in the juice secreted by these cells. 
Thus, the carbonic anhydrase in these cells should have been 
sufficiently inhibited so that the composition of the pancreatic 
juice would have reflected this alteration in enzyme activity, if 
this enzyme was essential for the formation of juice bicarbonate. 

The results of the thiocyanate injections are perhaps not as 
conclusive, but they tend to support the results of the sulfanilamide 
injections. When concentrations of thiocyanate in the juice 
reached values twice those described by Davenport (8) as nearly 
completely inhibitory for carbonic anhydrase, little alteration in 
juice composition was observed. To obtain higher juice concen- 
trations such massive doses of thiocyanate are needed that general 
toxic effects appear which tend to obscure the interpretation of the 
results. Even under such conditions, however, no striking altera- 
tions in juice composition were observed. 

Now since the observations of Mann and Keilin (15) and Daven- 
port (8) on the inhibition of carbonic anhydrase were made on 
enzyme preparations obtained from red blood cells or stomach 
mucosa, a valid criticism of our conclusions might be that the 
carbonic anhydrase of the pancreas is of a quite different nature 
and is not inhibited by such agents. We have, therefore, pre- 
pared extracts from dog pancreas and studied their carbonic an- 
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hydrase activity by a method similar to that of Philpot and 
Philpot (18). By this method the time required for conversion 
of carbon dioxide into bicarbonate is measured. Sulfanilamide 
inhibited the carbonic anhydrase activity of these extracts at the 
same concentrations that were required to inhibit enzyme prepa- 
rations made by us from gastric mucosa or red blood cells. These 
inhibiting concentrations also agreed well with those reported 
by Mann and Keilin. 

It is of interest to compare the action of sulfanilamide and thio- 
cyanate upon pancreatic secretion with their action on gastric 
juice secretion. Davenport (8) found that thiocyanate adminis- 
tration produced a marked decrease in the output of gastric Juice. 
He suggested these results might be interpreted as due to inhibi- 
tion of the carbonic anhydrase known to be present in gastric 
mucosa, and postulated that this enzyme was concerned in the 
mechanism whereby HCl was formed in the stomach. We have 
observed a similar decrease in rate of secretion of pancreatic juice 
after administration of thiocyanate. Feldberg, Keilin, and 
Mann (10) were able to confirm Davenport’s observations with 
thiocyanate. They, however, also administered sulfanilamide 
and found that it was without effect upon gastric juice secretion. 
The conclusion was, therefore, reached that carbonic anhydrase 
was not necessary for the production of gastric juice. These 
findings and conclusions agree with ours for the effect of sulfanil- 
amide on pancreatic juice formation. Thus, it would appear that 
the presence of carbonic anhydrase in stomach and pancreas 
cannot be explained on the basis that it plays an essential rdéle 
in the formation of the juices of these glands. Are these glands 
storehouses or sites of production for carbonic anhydrase? In 
the case of the pancreas, the isolation of insulin and carbonic 
anhydrase as proteins with high zinc content and their joint oc- 
currence in this gland are perhaps suggestive. 

We feel that the experiments reported here do not serve to 
answer the question as to the source of the bicarbonate found im 
pancreatic juice. They suggest, however, that metabolic carbon 
dioxide from the gland itself is not concerned and that juice bi- 
carbonate may be derived from the blood. In this connection, a 
calculation of the metabolic rate that would be demanded of the 
pancreas if all the bicarbonate of the juice was derived from the 
metabolic carbon dioxide of the gland is of interest. The follow- 
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ing experiment furnished the necessary data for such a calculation. 
Cannulas were introduced into both pancreatic ducts of a dog 
weighing 11 kilos and secretion of juice stimulated at a maximum 
rate by secretin injection. The rate of juice flow was 1.25 cc. per 
minute and the total carbon dioxide concentration of the juice 
was 125 mM per liter. At the end of the experiment, the pancreas 
was removed and found to weigh 31 gm. From these values it 
can be calculated that the equivalence of 0.112 ce. of carbon 
dioxide gas is secreted in the juice every minute for each gm. of 
wet pancreas tissue. Still, Bennett, and Scott (19) reported that 
the secreting pancreas consumed 0.062 cc. of Oz: per minute per 
gm. of wet tissue and had an R.q. of 1.05. This corresponds to 
a carbon dioxide output by the gland of 0.065 cc. per minute per 
gm. of wet tissue, a value which is about half that necessary to 
supply the quantity of carbon dioxide found in the juice sample 
under consideration. The output of juice carbon dioxide may be 
also expressed in terms of Qco,. If the water content of pancreas 
is taken as 74 per cent, an average value in our determinations, 
and it is assumed that all carbon dioxide of the juice is metabolic 
in origin, the Qco, of pancreas would be 26. With an Rr.q. of 1.00, 
this corresponds to a Qo, of 26, which is a value not far from the 
maximum reported in the literature for any tissue. Thus, though 
it is not impossible for the metabolic CO, to furnish all the bi- 
carbonate found in this juice sample, it would certainly require 
the total carbon dioxide output of the gland for this purpose. In 
view of these facts and the failure of sulfanilamide to alter the 
composition of the juice, we are inclined to agree with the conclu- 
sion of Still, Bennett, and Scott (19) that at least part of the juice 
bicarbonate arises from the bicarbonate of the blood. 


SUMMARY 


The activity of the carbonic anhydrase of pancreas is shown to be 
inhibited by concentrations of sulfanilamide similar to those 
reported by previous workers for preparations of this enzyme ob- 
tained from other tissues. 

Injections of sulfanilamide into dogs so as to produce concen- 
trations of this drug in pancreatic juice 200 times the minimum 
concentration necessary to inhibit carbonic anhydrase were with- 
out effect on the secretion rate or composition of the juice. 

Thiocyanate injections gave similar results when the dosage 
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was just sufficient to produce concentrations of thiocyanate in the 
juice which were equal to the minimum inhibitory concentration 
for carbonic anhydrase. Higher dosage produced a general toxic 
effect and a decrease in rate of juice secretion. 

The conclusion is reached that carbonic anhydrase plays no 
essential réle in the production of the bicarbonate of pancreatic 


juice. 


One of us (H. F. T.) wishes to express appreciation to Professor 
A. Baird Hastings for his courtesy in providing laboratory facilities 
and helpful cooperation during her stay in this department. 
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Some years ago a need arose for a gas analyzer that would 
allow the concentrations of acetylene and oxygen to be raised 
above those which can be handled in the ordinary type of machine. 
The present analyzer was designed for this purpose. In deter- 
minations of cardiac output by the Grollman method, the pres- 
ence of higher concentrations of either acetylene or oxygen or of 
both was not found to affect the estimate significantly.1 The 
special analyzer was not therefore described. With the recent 
intensified importance of the desaturation of the body with nitro- 
gen before flying at great heights, the determination of the rate of 
nitrogen elimination from the body attains greater importance. 
For such determinations, as well as for the exact estimation of 
alveolar air concentrations in individuals breathing high concen- 
trations of oxygen, the apparatus here described has a special 
usefulness. For this reason a description is now submitted. The 
apparatus is so designed that it can be utilized for many types of 
analysis. For the analysis of expired air an accuracy can be 
attained that is several times greater than that obtainable with the 
ordinary Haldane analyzer. 

Apparatus—The principles involved are throughout those de- 
veloped by Haldane. The main burette in which the gas being 
analyzed is contained is, however, double; the two parts of which 
it is composed are connected by a T-stop-cock. The larger of 

! Bazett, H. C., Scott, J. C., Maxfield, M. E., and Blithe, M. D., Am. J. 
Physiol., 116, 551 (1936). 
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Figure I. 


Fic. 1. The two parts of the double burette (/) and (2) are shown dia- 
grammatically within their water bath F. The numbers on the tubes 
indicate the graduated sections (graduated in 0.01 ml.) with zero positions 
at Cand D respectively. Burette (/) is made of tubing of 3.5 mm. bore and 
(2) of tubing of 3.2mm. bore. The upper tubing connecting to the cocks A 
and B as well as that connecting to the absorbers is of 1.5 mm. bore. Be- 
tween (/) and (2) lies the control burette (3) consisting of tubing of 5 to 6 
mm. bore. All three burettes are connected below with their reservoirs 
R1, R2, and R$ by rubber tubing with cocks intervening. On the tubing 
connecting to burettes (1) and (2) are screw clamps G to effect fine adjust- 
ments. Cock £ connects the control system to the room when required. 
Cocks H and J connect to the CO, absorber J and the oxygen absorber K. 
They may be of the T-type as shown or may have double oblique bores. 
Tube L beyond cock J serves for cleaning or for connecting a third absorber. 
Rubber tubing connections are shown by shading. 

Fic. 2. Various combinations of the positions of cocks A and B are 
indicated. 
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these two burettes (labeled (1) in Fig. 1) contains 16 ml., 12 ml. in 
the bulb and 4 ml. in the graduated tube below it. It alone is used 
to pump the gas back and forth. The smaller (labeled (2) in 
Fig. 1) consists of three bulbs each of 3.5 ml. with a graduated 
section of tube of 0.5 ml. capacity on either side of it. It can be 
employed to contain the gas being analyzed or to store, under 
standardized conditions, nitrogen or other unabsorbable gas from 
a previous analysis. 

The apparatus may be employed in three different ways: (1) 
Stop-cock B may be placed in position B2 (see Fig. 2), thus dis- 
connecting the smaller burette; the larger may then be used as 
an ordinary Haldane analyzer. In this way volumes of about 
16 ml. with absorbable gases amounting to 25 per cent of the 
total can be analyzed. The analysis can be made with the same 
speed and precision as in the ordinary Haldane analyzer. (2) 
The stop-cock B may be placed in position B/; excess nitrogen 
may be expelled from both the larger and smaller burettes, which 
ean then both be filled with the unknown gas. The volume thus 
taken for analysis can be as large as 28.5 ml., with a consequent 
gain in accuracy though with a loss in speed. Such analyses can 
be made provided that 12 ml. of the total are ultimately left un- 
absorbed. Therefore mixtures containing over 57 per cent of 
absorbable gas can be analyzed. (3) The third method is that 
for which the apparatus was primarily designed. Following an 
analysis of air, 12.5 ml. of residual nitrogen are transferred to the 
smaller burette (2) in which the nitrogen is stored to assist in the 
following analysis. The volume so stored is carefully balanced 
against the control tube (3) in the ordinary way immediately be- 
fore any further excess of nitrogen is ejected. In such a balancing 
cock B is obviously in position B/. When balance is attained, 
cock B is first turned to position B2; then and then only is cock A 
turned to position A2, the excess nitrogen is ejected, and the new 
gas introduced. When the new gas has been introduced, cock 
A is returned to position AJ and cock B to position B1 before the 
volume of the gas introduced is read. During the analysis the 
nitrogen stored in burette (2) is added as required to that in burette 
(1). Consequently, any gas of any volume up to 16 ml. can be 
manipulated, even if 100 per cent of the gas is absorbable. It 
is often convenient to be able to analyze a sample below the 
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normal volume (e.g., of 8 ml.). This also can be done without 
modifying the procedure, though naturally with some loss of 
accuracy. 

Apparatus Utilized As a Single Burette—The arrangement may 
best be seen in Fig. 1. The entrance cock through which the gas 
is introduced (A) is of the type used by Grollman. At the end of 
an analysis this cock is in position A/ (see Fig. 2); it is turned to 
A2 to allow the discharge of excess nitrogen; it is then turned to 
A$ to allow the connecting tubing to be washed out with the gas 
to be analyzed. It is returned to position A2 for the introduction 
of the gas and to A/ for analysis. If the lower cock B be retained 
in position B2, then burette (1) may be utilized as an ordinary 
Haldane analyzer and all analyses proceed in the orthodox man- 
ner. When the nitrogen is discharged, the mercury meniscus is 
brought to the zero mark at C; above it is 1 per cent sulfuric acid 
sufficient to reach almost to the side branch of the cock B, but not 
beyond it. The gas introduced is equal to the volume from the 
zero graduation to the ultimate position on the scale, plus the 
volume contained in cock A. This cock originally contained 
nitrogen but finally contains the gas under analysis. The pre- 
cautions to be taken in relation to the control system are described 
later. 

When the single burette is used in this manner as an ordinary 
Haldane apparatus, analysis of outside air, expired air, and the 
like can be conducted with speed and accuracy. There is some 
gain in accuracy from the larger volume utilized and some loss 
through the complications of the dead end of the T-cock B. A 
typical set of successive analyses of outside air in triplicate by this 
technique is given in Table I in Section A. 

Use of Both Burettes to Accommodate Unknown Gas—In this 
case the introduction of the gas proceeds as before but cock B 
is in position B/ throughout, and nitrogen is expelled also from 
burette (2). The mercury meniscus in the smaller burette is also 
brought to the zero mark D; 1 per cent sulfuric acid fills the top 
part of the burette up to, but not into, stop-cock B. The total 
volume is taken into both burettes (up to a volume of 28.5 ml.). 
In gas absorption the mercury in burette (/) is alone used as a 
pump. ‘The gas in burette (2) is merely forced up by the mercury 
to join that in the other burette. When the connecting tubes 
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are washed out when the gas is being fetched from the carbon 
dioxide absorber and the like, the absorption of gases may be 
speeded by reversing the columns of gas contained in the two 
burettes. Thus the last gas from the oxygen absorber may be 
taken into burette (2) which will thus contain pure nitrogen, 
if air is being analyzed. When the gas is returned to the ab- 


TABLE I 
Consistency Obtainable in Successive Analyses in Triplicate 








. | 
Gas Volumes 
analyzed | utilized COs O2 N: 








ml. per cent| per cent | per cent 
Outside A. With burette (1) only 15.944 | 0.04 | 20.91 | 79.05 

air 15.933 | 0.04 20.94 79.02 
15.980 | 0.03 | 20.94 | 79.03 








Means.... ..| 0.037 | 20.930 | 79.033 





B. With both burettes for un- | 28.504 | 0.035 | 20.935 | 79.030 
known gas | 28.420 | 0.039 | 20.929 | 79.032 
| 28.474 | 0.039 | 20.935 | 79.026 





Means ase ..| 0.038 | 20.933 | 79.029 





| C. With burette (2) to store 15. 0.04 | 20.93 | 79.03 
Ne 16.015 | 0.04 | 20.95 | 79.01 
15.974 | 0.05 | 20.91 | 79.04 


or 
& 
CO 























Means Gun t cack Dhan Rak oxo sew 0.043 | 20.930 | 79.027 
Tank | D. With burette (2) to store 15.925 | 0.04 | 99.42 0.54 
oxygen N,understeady room | 15.929 | 0.03 | 99.44 0.53 
conditions | 15.958 | 0.02 | 99.45 | 0.53 

Means 0.030 | 99.437 | 0.533 





sorber, the gas from burette (/) may be passed first, and the pure 
nitrogen in burette (2) be used to wash it further into the ab- 
sorber. 

The accuracy thus obtainable in the analysis of air is illustrated 
by the successive analyses in triplicate given in Section B of Table 
I. An analysis takes about 15 minutes. 

Use of Second Burette As a Store for Nitrogen—In the third 
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method of use nitrogen at the end of an analysis is moved from the 
bulb of burette (/) into the CO, absorber and then is taken into 
burette (2). Any excess nitrogen is taken into the bulb of burette 
(1). (Great care must be used for the balancing point may be at 
a position where the mercury is in the center of the larger bulb.) 
Cock E on the control tube is then opened to the air and the 
control system is brought precisely to atmospheric pressure, while 
the gases in the two burettes are balanced against it. Cock E 
is then closed, the balance is rechecked, and minor adjustments are 
made if needed. Cock B is then turned from B/ to B2, then cock 
A from Al to A2, and the excess nitrogen is ejected as usual. 
When the new gas has been introduced and cock A has been 
returned to position A/, cock B is returned to the B/ position 
before balances are attained and volumes read. When these 
readings are made, care must be taken to insure that there is no 
water-lock produced by a bubble in cock B. Such a lock is readily 
formed if the 1 per cent sulfuric acid in either burette is slightly 
in excess and reaches the branching of the T-cock. If the machine 
is reasonably clean, such a lock, if formed, can readily be broken. 
After the volume is read, the gas in burette (/) is absorbed, and 
nitrogen is added to it from burette (2) as required. The nitrogen 
may be used to wash the absorbable gas into the absorbing solu- 
tion. The pumping action in burette (1) may be conducted with 
cock B in either position B/ or B2, according to the analysis being 
made. If the cock is in position B/, the mercury in the burette 
should be at the zero position. 

The accuracy obtainable with such procedures is indicated in 
the successive triplicate analyses of outside air shown in Section 
C of Table I and of tank oxygen shown in Section D of Table I. 
The greater accuracy is normally obtainable with the lower per- 
centages of absorbable gas. The slightly greater accuracy shown 
in Table I for analysis of tank oxygen is due to the analyses having 
been conducted when the room temperature was particularly 
stable, while those for outside air were made under ordinary 
conditions. As will be explained, analyses of pure oxygen (or of 
carbon dioxide) are particularly liable to errors due to changes in 
temperature, and for maximal accuracy temperature fluctuations 
should be kept small. In spite of this, under ordinary conditions 
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errors should never exceed +0.05 per cent. The time consumed 
in using the analyzer in this way is also about 15 minutes per 
analysis. 

Technical Details—The difficulties and pitfalls will be readily 
recognized by those familiar with gas analysis. The compen- 
sation for temperature changes attainable from the dummy 
burette is only accurate if the ratio of the gas contained in the 
tubes within the water bath to that contained in tubes in air in 
the active system is the same as the ratio of these two sets of tubes 
in the control system. Obviously these conditions cannot be met 
exactly, since the ratio of the gas contained in the tubes in the 
water bath to that in the connecting tubes in the active system is 
constantly changing during the course of an analysis. The larger 
the proportion of absorbable gas, the greater is this change and 
the less accurate is the compensation attained. The maximal 
compensation will be attained if the ratios are comparable during 
the relatively slow process of the removal of the last traces of 
oxygen. For this reason the control burette (3) is made of simple 
tubing of 5 to 6 mm. bore and is fitted below with a stop-cock and 
a mercury reservoir. When the machine is standardized, not only 
are the various calibrations exactly checked but also the optimal 
positions are determined for the water meniscus above the mercury 
in this control tube to attain compensation for any given volume 
in the active burettes. This is done empirically by setting the 
water level in the control burette (3) opposite some given position on 
burette (/) and determining the apparent change in volume of bur- 
ettes (1) and (2), when the water bath is either cooled or warmed. 
These determinations are made with various volumes in burettes 
(1) and (2). The optimal position for the fluid level in the con- 
trol system is thus determined empirically; such determinations 
made on five or six different volumes in the active burette allow a 
curve to be drawn. The control tube can then be set at its op- 
timal position for any given set of analyses. Even so, if the 
changes in volume are great (as in analysis of tank oxygen), com- 
pensation attainable towards the end of the analysis implies that 
it is inadequate at the start and that estimates of CO, concen- 
trations may be slightly in error. (It may be noticed in Section D 
of Table I that the discrepancies were regular and progressive— 
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their direction could be predicted from the direction of the slight 
temperature changes.) The adjustable character of the control 
tube is a definite advantage and one which can readily be incor- 
porated in any Haldane analyzer. 

Anyone undertaking the use of an analyzer of this type should 
be warned to be particularly careful if precision is needed in the 
analysis of pure oxygen. Under such conditions there is little or 
no nitrogen available to expel through cock A before the new 
sample is taken in. It is consequently imperative that this 
process be carried out very carefully, so that the connecting tubes 
between the burette and the exterior do not get prematurely 
fouled by the incoming air. At the time cock A is turned to 
position A2 the pressure in burette (/) must be slightly greater 
than atmospheric and a slight amount of nitrogen must be avail- 
able for expulsion. Even when larger volumes of nitrogen are 
available, the system should be carefully balanced against real 
atmospheric pressure before cock E is closed and nitrogen is ex- 
pelled, as already explained. There is a volume of gas existing 
between the zero point C (or in the second method from zero 
points C and D) and cock A, consisting of nitrogen maintained 
in the system and measured against the balance of control burette 
(3); yet when cock A is open, this gas can freely escape if the pres- 
sures within and without the system are not the same. The 
volume of this gas is small; it can be reduced to negligible pro- 
portions by using fluid above the mercury adequate to reach up 
to but not into cock A. If cock B is kept exceptionally clean, 
this may be done without difficulty, but if cock B becomes greasy, 
troublesome water-locks readily form. 

In standardization of the calibrations particular care must be 
taken to use the burettes wet and to move the mercury as it is 
moved during an analysis. The water in burette (2) tends to 
collect in the lower bulbs and to rise to the top only slowly if the 
mercury is brought up rapidly in this irregular system. In use 
the movements of the mercury should be controlled by the cock 
so that the mercury only rises at a moderate speed. Standardiza- 
tion should be made with the same rates of movement. 

The ease of handling and the accuracy of the machine are ob- 
viously improved if the volume between cocks A and B is as small 
as possible. 
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I would like to pay tribute to the skill and care of Mr. James 
D. Graham, of the University of Pennsylvania, who built the two 
cocks with a length of only 6 mm. of capillary tubing between them. 


SUMMARY 


A modification of the Haldane gas analysis apparatus is de- 
scribed. This modification is adapted to allow analysis of samples 
of gas up to 16 ml. from mixtures containing up to 100 per cent of 
absorbable gas. ‘This is attained by using a main burette of 16 
ml. with 4 ml. graduated in 0.01 ml., and a second burette con- 
nected to it by a T-cock containing 12.5 ml. The latter burette 
may be used to store nitrogen, which can be accurately measured 
and be utilized to make up the volume in the main burette as gas 
is absorbed. The smaller burette consists of three sections with a 
bulb of 3.5 ml. and a graduated tube above it of 0.5 ml. Below 


the lowermost bulb an additional 0.5 ml. is graduated. The 


accuracy obtainable is of the same order as that of the ordinary 
Haldane apparatus. 

The double burette can be used not only in this way but also 
both burettes may be used to contain the unknown gas. Samples 
of gas up to 28.5 ml. in volume may thus be analyzed if the ab- 
sorbable gas is 57 per cent or less of the total. The accuracy ob- 
tainable in this form in analysis of outside air is of the order of 
+0.005 per cent. 

If desired, the main burette alone may be used exactly as an 
ordinary Haldane analyzer. 

Owing to the very variable volumes that may be utilized in the 
active burette, it is important to have the volume of air in the 
control burette adjustable. The arrangement for so doing is 
described, and it is pointed out that it is a useful addition to the 
ordinary Haldane analyzer. 


| 
: 
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In a previous communication (1) several types of evidence were 
presented which strongly indicated that molecular hydrogen 
was a specific inhibitor of symbiotic nitrogen fixation. For 
interpretation of the mechanism of this biological reaction the 
question of the nature of the inhibition, whether competitive or 
non-competitive, must be answered. If the inhibition is non- 
competitive, it will be essentially independent of the pNe, but if 
competitive both the pH: and the pN, will be concerned. Of the 
several technical devices which test this point, those based on the 
equation developed by Lineweaver and Burk (2) are probably the 
most accurate and conclusive. These workers showed that if the 


reactions 
E+S2ES~-E+P 
E+ 1+ EI (inactive) 
be assumed, Equation 1' can be derived. 


I 1 KI) | 1 1 
= # aa” : és = (1 
Us V E * K; | (S) * V 


In Equations 1 to 6 the following symbols are used. 


* Herman Frasch Foundation in Agricultural Chemistry, Paper No. 211. 
Technical assistance on the experiments was supplied in part by workers 
employed in the University’s Works Progress Administration, Natural 
Science Project. 

! For details of the derivation see Elvehjem, Wilson, et al. (3). 
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v = velocity of reaction in absence of inhibitor 

v; = velocity of reaction in presence of inhibitor 

(S) = concentration of substrate 

(7) = concentration of inhibitor 

(E) = concentration of enzyme 

P = product of reaction (usually the measured quantity 

V = maximum velocity when enzyme is saturated with substrate 
K, = dissociation constant of enzyme-substrate complex 

K; = dissociation constant of enzyme-inhibitor complex 


The velocity equation for the reaction in the absence of the in- 


hibitor is 
] 1 - ] l 
, = V || (S) + V (2) 


Comparison of Equations 1 and 2 shows that the effect of an 
inhibitor is to increase the slope of the line obtained when the 
reciprocal of the velocity is plotted against the reciprocal of the 
substrate concentration. If inhibition is competitive, the term 
[K,(1)/K,] in Equation 1 exists, and the slope of the line increases; 
if non-competitive, the slope is unchanged in the presence of in- 
hibitor, but the intercept is increased (V is lowered). 

A second method for detection of the type of inhibition depends 
on the following considerations. From the terms in Equation 1 


1_ KK, + Ko) + (S) Ky (3) 
vu V(S)Ki 
Ss o 
= V(S) aa VK.AS) utv= K, + (S) or ‘ = A, + (S)] ( 
Then 
1 s l 4 K, (J) (5) 
vv Ki viK, + (S)) . 
S a ee 6) 
» KK +) . 


Consideration of Equation 6 shows that if [v/v,] is plotted against 
(J) for two different values of (S), the resulting lines will have 
significantly different slopes with an intercept of 1.00 for com- 
petitive inhibition and will coincide if the inhibition is non- 


competitive. 
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The choice of method for testing the nature of inhibition depends 
largely on whether it is more advantageous to hold constant the 
concentration of inhibitor or substrate. This, in turn, depends 
on which will allow the greatest number of values to be assigned 
to the dependent variable. For inhibition of symbiotic nitrogen 
fixation by hydrogen, both methods have been used, but more 
points for the establishment of the line can be obtained if the pN2 
is held constant and the pH, taken as the dependent variable 


(Equation 6). 


Methods 


Details of the methods have been given in previous reports. 
Briefly, clover plants are grown in a closed system under a constant 
pO, but with varying partial pressures of nitrogen and hydrogen. 
Usually the total pressure of the gases did not equal unity, and the 
plants were accordingly grown under a partial vacuum; in Experi- 
ments 6 and 7 helium was added to bring the total pressure to 1 
atmosphere in all cases. In Experiments 1 to 3 two harvests 
only were made and the velocity of fixation calculated from the 
formula 


2.303 mg. N at harvest 
: Sage ea equa yey cane yee ye mesa er (7) 
time in days mg. N at start of treatment 


In Experiments 4 to 7, four to five harvests were periodically 
taken and the slope of the line obtained by plotting log mg. of N 
against time in days was determined by the usual statistical pro- 
cedures. This slope multiplied by 2.303 gives the “best” es- 
timate? of k. Table I provides a comparison of k values cal- 
culated by the formula from the first and final harvest and those 
obtained from the regression line based on four harvests. The 
close agreement between corresponding values indicates that little 
error was introduced in those experiments in which k was deter- 


? In previous reports of this series in which the advantages were empha- 
sized of the use of the specific reaction constant of fixation for measurement 
of reaction velocity when the total amount of cell substance (and hence 
enzyme concentration) changes with time, the letter g has been used to 
designate the quantity defined by the formula. Since g is used in bacteri- 
ological literature for generation time, it appears desirable to use the original 
chemical symbol from which the formula was derived. 
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mined by two values only. The details of the individual experi- 
ments were as follows: 


Experiment 1—Planted October 18, 1937; Harvest I, November 29; Har- 
vest IT, January 3, 1938. 
TABLE I 
Comparison of k Values Based on Lines of Regression and Formula 
(Experiment 4) 


Treatment k value based on k value based on line 
; formula of regression 
pH: pN: 
atmos phere atmos phere 

0.0 0.15 0.0519 0.0505 
0.0485 0.0473 

0.30 0.0497 0.0483 

0.0532 0.0522 

0.45 0.0522 0.0515 

0.0487 0.0476 

0.10 0.15 0.0363 0.0345 
0.0390 0.0370 

0.30 0.0416 0.0415 

0.0435 0.0437 

0.45 0.0446 0.0435 

0.0452 0.0450 

0.20 0.15 0.0312 0.0301 
0.0319 0.0318 

0.30 0.0344 0.0338 

0.0357 0.0355 

0.45 0.0442 0.0433 

0.0452 0.0448 

0.35 0.15 0.0273 0.0262 
0.0298 0.0288 

0.30 0.0333 0.0318 

0.0362 0.0352 

0.45 0.0354 0.0336 

0.0388 0.0376 

0.50 0.15 0.0142 0.0142 
0.0163 0.0169 

0.30 0.0263 0.0257 

0.0267 0.0263 


Experiment 2—Planted May 15, 1938; Harvest I, June 24; Harvest II, 


August 1. 
Experiment 3— Planted August 12, 1938; Harvest I, September 8; Harvest 


II. October 24. 
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Experiment 4—Planted January 10, 1939; Harvest I, February 8; Harvest 
II, March 3; Harvest III, March 17; Harvest IV, April 8. 

Experiment §—Planted April 22, 1939; Harvest I, May 24; Harvest II, 
June 8; Harvest III, June 14; Harvest IV, June 27; Harvest V, July 5. 

Experiment 6—Planted August 22, 1939; Harvest I, September 28; Har- 
vest II, October 12; Harvest III, October 19; Harvest IV, November 2. 

Experiment 7—Planted February 11, 1940; Harvest I, March 17; Harvest 
II, April 3; Harvest III, April 17; Harvest IV, May 6. 
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Fic. 1. Test for the type of inhibition by hydrogen of symbiotic nitrogen 
fixation in red clover. Based on Equation 6. Differences in the slopes of 
lines in Figs. 1, 2, and 4 indicate inhibition is competitive. 


In all experiments the plants were initially placed under the gas 
mixtures at the first harvest. As Wilson (4) discussed the results 
of Experiments 5 and 6, only the summaries of these two will be 
given here. 
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Results 
Figs. 1 and 2 illustrate the data from Experiments 1 to 4 in which 
the pN2 was held constant and the pH: varied. From an examina- 
tion of Figs. 1 and 2 it appears probable that in each experiment the 
slopes of the two lines are distinctly different. Since the fit of the 
points to the lines is not exact, statistical analysis of the data is 
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Fic. 2. Competitive inhibition of symbiotic nitrogen fixation in red 
clover by hydrogen. 


desirable in order to demonstrate conclusively that the slopes 
actually differ. The cause of the deviation of the points from the 
“best”’ straight line is evident: the equations which dictate the 
method of plotting are based on a simple mechanism which as- 
sumes that the sole factors affecting the rate of fixation are the 
concentrations of substrate and inhibitor. Obviously, in long 
time experiments with plants this is not true, since other environ- 
mental conditions will influence the fixation reaction. In addi- 
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tion, in Experiments 2 and 3, a pN: of 0.1 atmosphere was used 
in order that the rates of fixation in the absence of hydrogen would 


TaB_e II 
Summary of Statistical Tests on Slopes of Lines 


. 














Ex- | ey | | 
Lama pN: N Line —— | t* to.os 
No. | 
| atmos- | | 
| phere | 
1 | 0.2 | 14| k/ky = 1.0 + 2.390 pHs | 0.0070 | 
| } | | 38.0 | 2.08 
| 0.4 | 9|k/ki = 1.0 + 1.106 pH: 0.00875) 
2 10.1 | 12) k/ky = 1.0 +1.960 pH, | 0.03622) 
Piaae | 5.63 | 2.10-2.31 
0.3 | 10| k/ki = 1.0 + 0.920 pH: | 0.0034 
3 10.1 | 11) k/ky = 1.0 + 9.531 pH, | 0.7225 
9.61 | 2.08-2.23 
0.3 | 12| k/ky = 1.0 + 0.933 pH, 0.01769 
4 |0.15| 8| k/ki = 1.0 + 3.499 pH: 0.1724 
3.92 | 2.15 
0.30! 8 | k/ki = 1.0 + 1.777 pH: 0.0097 
| 6.52 | 2.18 
0.45 | k/ky = 1.0 + 1.032 pHe | 0.0059 
5+ | 0.2 | 5| k/ki = 1.0 + 2.795 pH: 0.0425 
4.43 | 2.26 
0.4 | 6|k/ki = 1.0 + 0.922 pH; 0.0219 
pH: | 
6t | 0.0 3|1/k = 11.82 — 0.049 1/pN, | 0.1011 
6.77 | 4.30 
'0.15| 3] 1/k = 10.30 + 0.614 1/pN2 | 0.00203 
| | | 4.82 | 4.30 
0.35 3 | 1/k = 10.68 + 0.889 1/pN2 | 0.0327 
7 0.0 3|1/k = 18.25 + 0.068 1/pNe | 0.0465 
| | | 3.10 | 4.30 
0.15| 3|1/k = 19.09 + 0.514 1/pN:2 | 0.1757 
| | 5.57 | 4.30 
0.35 | 3|1/k = 18.41 + 1.300 1/pNz | 0.0378 | 
* If the ¢ value exceeds to.os, the observed difference between the slopes 


of the lines (b) is significant. See foot-note 3. 
+ The details of Experiments 5 and 6 are described by Wilson (4). 


differ. In this region the rate of fixation is a function of the pN2; 
hence the experimental error with this pressure was increased be- 
cause of the difficulty in controlling the partial pressure of the 
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gases. At the other partial pressures of nitrogen the rate of 
fixation is independent of the pNe, and therefore lack of exact 
control of this variable is without influence. 

The fact that, unless the pNz is rather low, the scatter of the 
points about the line is not appreciable suggests that, ordinarily, 
factors other than the pN. and the pH, play secondary rdles. 
When the ratio pH, : pNz is high, the inhibition increases to a 
point at which an excessive carbohydrate-nitrogen balance obtains 
in the plant. This condition serves to accentuate the inhibition 
(4) with the result that the data become more erratic as two fac- 
tors are definitely affecting the fixation reaction. A greater 
scatter of the points about the line is observed. The departure 
from a straight line, however, was in no case significant; the 
major disadvantage of this complicating factor is that, since the 
deviations of the points from the theoretical straight line are 
greater, a larger difference in the slopes must be obtained in order 
for it to be significant. Since both factors, pH: and excessive 
carbohydrate-nitrogen balance, reduce the rate of fixation, the 
slope of the resulting line as well as its error (deviation of points 
from the line) is somewhat greater than would be the case if only 
the pH, was effective. Thus the two sources of deviation from 
the theory tend to cancel one another. 

Tests on the significance of the data are summarized in Table II. 
A measure of the closeness of fit of the points to their line is given 
by the value of s*. In every case the value?’ of ¢ greatly exceeded 


* In the case of the simplified Equation 6, the estimate, 6, of the true 
slope @ is calculated from ([zy — Yx)/=z* in which z represents the concen- 
tration of inhibitor (pH) and y the relative velocity of the reaction (k/k;). 
It is supposed that the z values are known without error and that for a given 
xz the corresponding y is subject to an error with standard deviation, o, 
independent of z. The estimate of o? provided by the deviations from 
regression is s? = [Z(y — 1)? — b?2z?]/(N — 1) where N is the number of 
paired observations. If b; and b: are two slopes and s;,? and s,” the corre- 
sponding estimates of variance, the difference is tested with 

b, — be 


t = 7 ———— En 


(Ni — Dat + (Na — Dor? 
f* ae . den (1/222 + 1/E2,*] 
1 Raa 


with (N; + N2 — 2) degrees of freedom. If s;? and s,? are not statistically 
homogeneous, the v test of Welch (5) isapplied. In this test the ‘‘effective”’ 
degrees of freedom are known only to lie between N, — 1 and N, + N;,-—2 


(N; < N2); hence an exact value for éo.5 is not obtained, only its range. In 
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Fia. 3. Course of nitrogen fixation in red clover grown in atmospheres of 
different composition. Note that in the absence of hydrogen (pH: = 0.0 
atmosphere) the k values are independent of the pN2 but not in its presence, 
indicating competitive inhibition. 


testing for the difference between b values from the lines obtained when 
1/kis plotted against 1/pNo, the ¢ (or v) test is applied with s* = [Z(y — 9)? — 
b? S(x — #)?]/(N — 2); thas Ni + N2 — 4 degrees of freedom. If N; equals 
N2, and E(x; — #:)? = (2x2 — £2)?, the ¢ test can be used even though the vari- 
ances are not homogeneous. The authors express their appreciation to 
Dr. Churchill Eisenhart, Station Statistician, for his aid in deriving the test 
for differences between b values from the simplified Equation € and for 
calling their attention to the necessity of using the v test when non-homo- 
geneous variances are encountered. 
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that required to reach odds of 19:1 that the observed difference of 
the slopes was real. It is concluded, then, that the evidence from 
Experiments 1 to 4 supports the view that the inhibition is com- 
petitive. 

Experiment 7 was one in which the pH, was made the parameter 
and the pNoe, the variable; the analysis was based on Equation 1. 
In this experiment special care was taken to reduce experimental 
error, since the final lines were to be based on three points only, 
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Fic. 4. Test for the type of inhibition of nitrogen fixation in red clover 
plants by hydrogen. Based on Equation 1. 


so that very close fit was necessary in order to demonstrate that 
observed differences in the slopes were significant. Duplicate, 
and at times triplicate, samples were taken at each harvest. The 
course of the fixation is shown in Fig. 3 which illustrates that 
when log mg. of N was plotted against time, the fit of the points 
to the “best” straight line was quite satisfactory, so that the values 
of k based on these lines are reasonably free of error. As shown 
in Fig. 4, if the 1/k values are plotted against the corresponding 
1/pNz, the deviations from the best straight line are very slight. 
The statistical analysis given in Table II indicated that the dif- 
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ference between the slopes for the line corresponding to pH; = 
0.0 atmosphere and that corresponding to pH, = 0.15 atmosphere 
did not quite reach the level of significance, primarily because 
each line contributes only one degree of freedom, so that a rather 
large value of ¢ must be reached. On the basis of this single test 
one could only conclude that, although there appears to be a 
real difference, it was not statistically demonstrable. In a dupli- 
cate experiment (Experiment 6), this difference was clearly es- 
tablished. The slope of the line corresponding to a pH, of 0.35 
atmosphere was definitely greater than that for pH, = 0.15 at- 
mosphere as well as that for pH, = 0.0 atmosphere (which was 
zero within experimental error). Tests also demonstrated that 
the observed differences between the intercepts of the lines were 
not statistically significant; 7.e., non-competitive inhibition was 
absent. In summary, the results from this experiment confirm 
those of the other four in that competitive inhibition of the fixation 
reaction by hydrogen is indicated. 


SUMMARY 


Two methods which determine the mode of action of an in- 
hibitor for an enzyme reaction (whether competitive or non- 
competitive) are illustrated by experiments in which hydrogen acts 
as a specific inhibitor for symbiotic nitrogen fixation in red clover. 
The methods are based on plotting certain functions of the rates 
of reaction against (a) concentration of inhibitor for two or more 
concentrations of substrate, (b) reciprocal of concentration of 
substrate for two or more concentrations of the inhibitor. Straight 
lines are obtained whose slopes are tested for significant differences 
by appropriate statistical procedures. 

Results from seven experiments, five of which are described in 
this paper, consistently favor the view that inhibition of the 
symbiotic nitrogen fixation reaction by hydrogen is competitive. 
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Based on the determination of oxygen uptake, ammonia, and 
keto acids, the oxidation of d-amino acids by kidney and liver 
preparations can be represented by Equation I (1). 


O 
NH; 
I. 2R—C—-COOH + 0, —— 2R—C—-COOH + 2NH; 
H 


It has been shown, however, that hydrogen peroxide is formed 
during the oxidation (2, 3). Except under special conditions, 
the peroxide formed is rapidly decomposed by the catalase in 
the tissue preparations, and, therefore, does not affect the stoi- 
chiometrical relation indicated by Equation I. 

The enzyme in kidney and liver catalyzing the oxidation of 
d-amino acids, i.e. the d-amino acid oxidase, is composed of a 
specific protein and flavin-adenine dinucleotide (4). The oxida- 
tion of d(—)-alanine by a reconstructed d-amino acid oxidase 
composed of a mixture of purified specific protein and flavin- 
adenine dinucleotide can be represented by Equations II, III, 
and IV (5). 


O 
NH, 
II. CH;—-C—COOH + flavin + H,O —— CH;C—COOH + H,-flavin 
H 


Ill. H,-flavin + O, ——> H,0, + flavin 
O 


IV. CH;C-COOH + H,0O, ——+ CH,;COOH + CO, + H,0 


* One of us (P. H.) is indebted to the John and Mary R. Markle Founda- 
tion for support during this work. 
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Flavin and H,-flavin represent the oxidized and reduced forms 
of flavin-adenine dinucleotide respectively. 

The preparations used in the most extensive studies of the 
oxidation of d-amino acids have been aqueous extracts of acetone- 
washed kidney (1, 6) or kidney extracts purified by adsorption 
on celite (2). In one case the aqueous extract was able to oxidize 
amines; ¢.g., putrescine (6). The preparation purified by means 
of celite was able to oxidize 1(—)-proline (2). Of the a-amino 
acids tested in these studies only lysine, a-aminoisobutyric acid 
(6), glycine, and 6-hydroxyglutamic acid (1) were not oxidized. 
Karrer and Frank (7), however, report that the d form of histidine, 
dihydroxyphenylalanine, arginine, serine, aspartic acid, and 
glutamic acid is not oxidized by a reconstructed d-amino acid 
oxidase. They conclude that the oxidation of these amino acids 
observed by others was not due to the d-amino acid oxidase. 

In the present work the oxidation of threonine, allothreonine, 
and pseudoleucine by an aqueous extract of acetone-washed 
kidney and by a reconstructed d-amino acid oxidase was studied. 
In addition the oxidation of a series of other amino acids by both 
preparations of the enzyme was tested. 


EXPERIMENTAL 


Oxidation of d-Amino Acids by Aqueous Extract of Kidney 
Ground pig kidney was washed with acetone and dried in vacuo 
(4). The dried material was kept in vacuo over phosphorus 
pentoxide for 6 months before use. The extract was prepared 
by grinding 1 gm. of the dry material with sand and 10 ml. of 
water, and then centrifuging. 1 ml. of the supernatant fluid 
contained 14 mg. of solids of which 80 per cent was organic. The 
oxygen uptake of 1 ml. of this extract plus 1 ml. of 0.1 M pyro- 
phosphate buffer, pH 8.3, was about 5 microliters per 300 minutes. 
The preparation did not oxidize any /-amino acid or putrescine. 

The oxidation of the amino acids by the extract was tested 
by measuring oxygen uptakes in the usual Warburg apparatus. 
1 ml. of the extract and 0.5 ml. of pyrophosphate buffer, 0.1 M, 
pH 8.3, were placed in the well of the vessel. The amino acid 
in 0.5 ml. of buffer was placed in the side arm. The insets con- 
tained alkali. The temperature was 37.5°. After the amino 
acid was added to the well, measurements were made until the 
oxygen uptake stopped. The data obtained are presented in 
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Table I. In those cases in which the d isomer was used the 
dl mixture was also studied. The results were the same. 

The inability of the extract to oxidize glycine, §-alanine, a- 
aminoisobutyric acid, and dl-lysine is in accord with the reports 
of others (1, 6). The failure of dl-pseudoleucine to be oxidized 
and the slow oxidation of /(+)-threonine! and levorotatory allo- 
threonine are compatible with the hypothesis that 8 substituents 
other than hydrogen inhibit or prevent the oxidation of d-amino 
acids by the d-amino acid oxidase (9, 10). 

The results obtained with cystine and glutamic acid are not in 
accord with those of others. The low rate of oxidation of cystine 
is contrary to the experience of Krebs (1). In the case of glutamic 
acid, the low rate of oxygen uptake reported by Krebs is not 
unequivocal evidence for oxidation by the enzyme. However, 
the data for oxygen uptake and ammonia and ketonic acid pro- 
duction given by Felix and Zorn (6) and oxygen uptake and 
ammonia production given by Kégl, Herken, and Erxleben (11) 
seem conclusive. We are unable to explain the failure of the 
extract used in the present work to oxidize cystine and glutamic 
acid at an appreciable rate. 

In the case of the amino acids /(+)-threonine and levorotatory 
allothreonine, which have not been studied previously, determina- 
tions of ammonia and a-ketonic acids were made at the con- 
clusion of the manometric measurements. For the ammonia de- 
terminations the material in the respirometer flask was acidified 
with trichloroacetic acid. The precipitate formed was removed 
by filtration. The ammonia was distilled from alkaline solution 
into dilute acid. The acid solution was nesslerized and the color 
obtained compared with that produced by suitable standards. 
The a-ketonic acids were determined as described by Krebs (12). 
The determination is based on the fact that ceric sulfate in acid 
solution oxidizes 1 mole of a-ketonic acid to 1 mole of carbon 
dioxide and 1 mole of an acid with 1 less carbon atom. 

0.0042 mm of levorotatory allothreonine was oxidized with an 


! Although the spacing of the groups on the a-carbon of natural threonine 
is the same as in the case of other l-amino acids, i.e. natural amino acids, 
it has been designated d(—)-threonine by Meyer and Rose (8) because of 
its spatial similarity to d(—)-threose. Its isomer, although designated 
l(+)-threonine, is related with respect to the groups on the a-carbon to 
the d form of other amino acids. 








TABLE I 


Uxidation of d-Amino Acids by Kidney Extract and Reconstructed d-Amino 
Acid Oxidase 


The amount of amino acid used is given in terms of microliters (1 mm = 
22,400 microliters) of one isomer. One-half of the amount represents the 
theoretical oxygen uptake when the reaction proceeds according to Equa- 
tion I. The full amount represents the theoretical oxygen uptake when the 
reaction proceeds according to Equations II to IV. 

The data given are for a typical experiment. 





Extract Reconstructed oxidase 

CO: 

produc- 

CO, | _tion 

Amount] yptcke| tion’ | uptake | tion” (PFOdUC-|istad on 

ion | basis 

of O2 

uptake 
micro- | micro- per micro- per micro-| per 
liters | liters cent liters cent liters cent 
Glycine. 48 | 0}; O 0 0 0 0 
d(—)-Alanine 126 59 94 118 O4 110 93 
8-Alanine 126 0 0 0 0 0 0 
dl-Aminobutyric acid 108 54 100 95 88 95 100 
a-Aminoisobutyric acid 216 0 0 0 0 0 0 
d(+-)-Leucine 86 10 93 75 87 70 93 
d(—)-Isoleucine SO 15 105 8] O4 76 O4 
dl-Norleucine 86 39 91 80 93 70 88 
dl-Pseudoleucine 86 0 0 0 0 0 0 
d(—)-Valine 96 17 98 90 94 82 91 
dl-Norvaline 96 42 88 89 93 83 93 
dl-Serine 54 26 97 10 18 } 10 
l(+)-Threonine* S4 10 24 § 10 3 37 
l-Allothreonine} 84 35 83 15 18 8 53 
dl-Cystine 16 l { 0 0 0 0 
dl-Methionine 76 37 97 68 90 65 96 
dl-Aspartic acid 84 39 93 20 24 10 50 
dl-Glutamic ‘ 76 2 5 0 0 0 0 
dl-Proline 86 42 98 76 89 0 0 
dl-Phenylglycine 66 27 82 13 20 6 30 
d(+)-Phenylalanine 68 29 85 59 87 55 93 
dl-Tyrosine 62 33 | 106 37 60 20 54 
dl-Tryptophane 54 26 96 12 22 5 42 
dl-Arginine 54 10 37 10 19 1 40 
dl-Lysine 62 0 0 0 0 0 0 
d(+)-Histidine 62 10 32 10 16 1 40 


* See foot-note 1 in the text for an explanation of the sign defining the 


configuration. 
t lindicates rotation, not configuration. 
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uptake of 0.0014 mm of oxygen and the production of 0.0020 mm 
of ammonia. Based on the reaction indicated by Equation I 
the ammonia production was 72 per cent of that expected from 
the oxygen uptake. In the case of 0.0042 mm of /(+-)-threonine, 
the oxygen uptake was 0.0006 mm, the ammonia production 
0.0008 mm. The ammonia production was 66 per cent of that 
expected from the oxygen uptake. For comparison ammonia 
determinations were also made in the case of the other amino 
acids which were slowly oxidized; 7.e., dl-serine, dl-aspartic acid, 
dl-arginine, and d(+)-histidine. The ammonia production was 
60 to 80 per cent of that expected from the oxygen uptakes. 

In the oxidation of 0.0042 mm of levorotatory allothreonine 
0.0015 mm of oxygen was used. The addition of ceric sulfate 
after the measurements of oxygen uptake produced 0.0027 mm 
of carbon dioxide. This indicates that the production of a- 
ketonic acid was 90 per cent of that expected from the oxygen 
uptake. In the oxidation of 0.0042 mm of l(+-)-threonine 0.0005 
mM of oxygen was used. 0.0004 mm of carbon dioxide was pro- 
duced after the addition of ceric sulfate. This indicates that the 
production of a-ketonic acid was 40 per cent of that expected 
from the oxygen uptake. 

The data obtained indicate that the oxidation of levorotatory 
allothreonine by the d-amino acid oxidase follows the same 
pattern as that of other d-amino acids; 7.e., the utilization of 1 
atom of oxygen and the production of 1 mole of ammonia and a- 
ketonic acid per mole of amino acid. The data in the case of 
l(+-)-threonine suggest that the oxidation follows the same 
pathway. 

As has been demonstrated by others, no ammonia was produced 
in the oxidation of d(+)-proline (2, 12). Krebs (12) identified 
the product of the oxidation of d(+)-proline as a-keto-d-amino- 
valeric acid. With the procedures described by Krebs it was 
possible in the present work to demonstrate the formation of an 
a-ketonic acid as the product of the reaction and to isolate it as 
the 2,4-dinitrophenylhydrazone, m.p. 224°. The hydrazone had 
the properties described by Krebs. 

Oxidation of d-Amino Acids by a Reconstructed d-Amino Acid 
Oxidase—A preparation of the specific protein component of the 
oxidase was prepared by the method of Warburg and Christian 
(4) from an extract of the dried pig kidney used above. Each 
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mg. of the preparation contained about 0.15 mg. of protein. The 
flavin-adenine dinucleotide was prepared from yeast as the barium 
salt (4). The purity was 0.73, estimated spectrophotometrically. 

The oxidation of the amino acids by the reconstructed system 
was tested by measuring oxygen uptakes and carbon dioxide pro- 
duction manometrically. The amino acid was added to a mixture 
of 3 mg. of protein preparation and 2.4 y of dinucleotide in a total 
volume of 2 ml. of 0.05 m pyrophosphate buffer, pH 8.3. The 
temperature was 37.5°. Measurements were made until the oxy- 
gen uptake stopped. No O2 uptake was obtained with the mix- 
ture without added substrate in 135 minutes. The concentration of 
flavin was such that doubling the concentration increased the rate 
of oxidation 5 per cent. The activity of this preparation de- 
creased about 90 per cent in 135 minutes, when shaken in air at 
37.5°. Bernheim (13) has shown that the d-amino acid oxidase 
activity of tissue preparations decreases when shaken in air, but 
does not decrease in nitrogen. The decrease is due to oxidation 
of the protein, since the activity of the reconstructed system can 
be restored by the addition of more protein, but not by the addition 
of flavin. 

The data in Table I show that the amino acids oxidized by the 
kidney extract are also oxidized by the reconstructed system. 
With the amino acids that were completely oxidized the oxygen 
uptakes were in agreement with those predicted from a summation 
of Equations II to IV; z.e., 1 mole of oxygen per mole of d-amino 
acid. The carbon dioxide production, except in the case of dl-pro- 
line, was likewise that predicted from the equations. In the case of 
the amino acids that were slowly oxidized the carbon dioxide pro- 
duction was considerably less than the amount expected from the 
oxygen uptake. The measurement of carbon dioxide production 
was less exact than that of the oxygen uptake owing to the large 
blank, which was of the order of 25 microliters of carbon dioxide. 

Contrary to Karrer and Frank (7) we find that the d form of 
histidine, aspartic acid, arginine, and serine is oxidized by the 
reconstructed oxidase. The rate of oxidation is low and the-ex- 
tent of oxidation is small. The low rate of oxidation and the labil- 
ity of solutions of the purified protein when exposed to oxygen may 
account for the inability of these workers to demonstrate oxida- 
tion of the amino acids in question. 

In the case of dl-proline no carbon dioxide was produced, al- 
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though the oxygen uptake was 1 mole of oxygen per mole of d- 
amino acid. When the product of the oxidation of 0.0038 mm 
of dl-proline was oxidized with ceric sulfate, 0.0035 mm of carbon 
dioxide was obtained. The product of the oxidation of the same 
amount of dl-proline yielded 0.0016 mm of amino nitrogen. In a 
large scale experiment with 20 mg. of dl-proline, the hydrazone of 
a-keto-d-aminovaleric acid was obtained. Apparently the d 
isomer of proline is oxidized to the a-ketonic acid. The peroxide 
that is formed preferentially oxidizes the | isomer of proline, rather 
than the ketonic acid, to a product yielding carbon dioxide on 
ceric sulfate oxidation, but containing no amino nitrogen. 


SUMMARY 


The oxidation of a series of amino acids by a kidney extract and 
a reconstructed d-amino acid oxidase was tested. 

The d form of alanine, a-aminobutyric acid, leucine, isoleucine, 
norleucine, valine, norvaline, serine, methionine, aspartic acid, 
proline, phenylglycine, phenylalanine, tyrosine, arginine, and his- 
tidine, /(+)-threonine, and levorotatory allothreonine were oxi- 
dized by both preparations. 

Since levorotatory allothreonine is oxidized by the d-amino 
acid oxidase, it is probably related structurally to the d forms of 
the other amino acids. 

Glycine, a-aminoisobutyric acid, pseudoleucine, cystine, glu- 
tamic acid, and lysine were not oxidized by either preparation of 
the oxidase. 


We are indebted to Dr. R. C. Corley for a sample of pseudoleu- 
cine and to Dr. H. E. Carter for samples of d(+)-, l(—)-, and dl- 
threonine, and d-, l-, and dl-allothreonine. 
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Several methods for the assay of pantothenic acid have been 
reported in the literature. They have been based on the growth 
response of yeast (1), bacteria (2, 3), and chicks (4, 5) to the vita- 
min. The relative merits of these methods have been discussed in 
an earlier paper (3). 

In a previous publication (6) it was shown that pantothenic acid 
is one of the growth factors required by Proteus morganti. Subse- 
quent experiments in which synthetic crystalline calcium panto- 
thenate (Merck) was employed in a chemically defined medium 
indicated that the organism responded to exceedingly low con- 
centrations of this substance; raising the calcium pantothenate 
level within limits resulted in a corresponding increase in growth. 
On the basis of this reaction to pantothenate a technique has been 
developed for its assay. Since the method possesses certain de- 
sirable features, its application to routine assays of pantothenic 
acid in natural materials may be warranted. 


EXPERIMENTAL 


Test Organism—A strain of Proteus morganii designated as 
Strain 21 was used in this study. The stock culture was carried 
on nutrient agar slants and transferred at 2 week intervals. 

Preparation of Inoculum—A trace of growth from a 24 hour agar 
slant culture was taken up on the end of a wire transfer needle and 


* We wish to thank Merck and Company, Inc., for generously supplying 
the synthetic calcium pantothenate and the a-hydroxy-8,8-dimethyl- 
a-butyrolactone employed in this study. 
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inoculated into 10 ml. of the assay medium (described below) 
containing 0.0005 y per ml. of crystalline calcium pantothenate, 
After 24 hours incubation, 1 drop (approximately 0.05 ml.) of 
this first subculture, delivered from a 1.0 ml. pipette, was placed 
in 10 ml. of similar medium. Following a 24 hour incubation 
period the growth of this second subculture was comparable to 
the turbidity of a No. 1 McFarland nephelometer tube and it was 
used to inoculate the assay medium in test determinations. 1 
drop of this culture, delivered from a 1.0 ml. pipette, was always 
used to inoculate tubes containing 10 ml. of media. 

Inoculation of the assay medium (lacking pantothenate) gave 
consistently negative results; growth could not be detected by any 
of the methods employed. 

Basal Medium—Previous investigations in this laboratory have 
shown that Proteus morganii can be cultivated in a chemically 
defined medium of the following composition: KH2,PO, 4.5 gm., 
(NH,)2SO0, 0.5 gm., (NH,)Cl 0.5 gm. 

The reaction was adjusted to pH 7.4 and the mixture was tubed 
in 9.5 ml. quantities and autoclaved. Prior to inoculation the me- 
dium in each tube was supplemented with Fe(SO,) (N H,).SO,-6H,O 
(0.002 m in 0.02 m HCl) 0.20 ml., MgSO,-7H.O (0.4 per cent in 
H.O) 0.10 ml., glucose (50 per cent solution) 0.10 ml., nicotinic 
acid (10-* m in H,O) 0.10 ml., cystine (m/1500 in 0.1 m HCl) 0.10 
ml.; calcium pantothenate (aqueous solution), 0.01 y, contained 
in 0.10 ml. 

Assay Medium—Although the organism grew well on serial 
subculture in the basal chemically defined medium described, it 
was apparent that the mass of growth, as well as the rate of growth, 
did not approach the level which was obtained with glucose-meat 
infusion broth, or other similar bacteriological media. 

Attempts were made to increase the growth of Proteus morganti 
by supplementing the basal medium with numerous substances 
known to serve as growth accessory or stimulating factors for 
bacteria. None of the media prepared, however, supported growth 
equal to glucose-meat infusion. 

Naturally, it is pertinent that a medium for the assay of a sub- 
stance should be adequate in all respects except for the substance 
to be assayed. Since we were unable to produce such a substrate 
by supplementing a simple chemically defined medium with 
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numerous growth factor substances of known identity, it was 
necessary to resort to more complex materials. 

10 per cent solutions of casein, yeast extract, liver, and proteose- 
peptone were prepared in N NaOH and autoclaved at 15 pounds 
pressure for 1 hour to effect complete inactivation of pantothenic 
acid. Each solution was then neutralized with glacial acetic 
acid, filtered to remove the precipitate, and finally autoclaved at 
15 pounds pressure for 10 minutes. These served as stock solu- 
tions from which additions were made to the basal chemically 
defined medium. After several preliminary experiments in which 
the basal medium was supplemented with various quantities of the 
above solutions, it was found that if 0.1 ml. of the alkali-treated 
proteose-peptone solution was added per 10 ml. of basal media 
a substrate was obtained which supported growth equal to that 
obtainable in glucose-meat infusion broth. Not only was growth 
markedly increased by the addition of 0.1 per cent alkali-treated 
proteose-peptone to the medium, but the test organism could now 
initiate growth at a level of 0.0002 y of calcium pantothenate per 
ml. rather than at 0.005 y, as was the case when the chemically 
defined basal medium was employed. 

Consequently, the medium selected for use in assaying panto- 
thenic acid was the basal medium described above in which the 
calcium pantothenate was omitted, and to which the alkali-treated 
proteose-peptone was added to give a final concentration of 0.1 per 
cent (0.1 ml. of stock solution added to 10 ml. of media). This 
will be referred to as the assay medium. The assay medium was 
prepared in liter quantities and then dispensed in 10 ml. amounts 
into sterile cotton-stoppered test-tubes. 


Results 


Response of Proteus morganii to Added Pantothenate in an Other- 
wise Pantothenic Acid-Free Medium—Repeated experiments con- 
clusively demonstrated that inoculation of the basal medium 
without pantothenate or the assay medium gave no detectable 
growth. However, the addition of calcium pantothenate in small 
amounts permitted moderate growth to take place in these media. 

The response of Proteus morganii to various concentration levels 
of calcium pantothenate was determined by three methods: (1) 
by measuring the increase in turbidity of the medium after a 24 
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hour incubation period with the aid of a Klett-Summerson pho- 
tometer; (2) by determining the amount of bacterial nitrogen in 
50 ml. of media with a micro-Kjeldahl technique; (3) by measuring 
the pH of the substrate after 24 hours incubation with a Leeds 
and Northrup universal potentiometer. 

The results obtained by these methods are presented in Table 
I, in which are also included corresponding determinations ob- 


TABLE I 


Response of Proteus morganii to Calcium Pantothenate in Pantothenic 
Acid-Free Media 





Response of test organism as determined by 














Turbidity pH | Bacterial N 
Amount of Ca pantothenate —__—_—_— —} —_ 
add Chemi- Chemi- | 
|Chemically iii | cally | Assay | cally Assay 
| defined edition defined | medi- defined medi- 
| medium nat medi- | um medi- um 
|} um | | um | 
nana | | Rat 
0 (Uninoculated control) 0 | O | 7.4 | 7.4 | 0.0 0.0 
0 0O- 0" O 0*| 7.4 7.4 0.0 | 0.0 
0.0001 - 1] 7 7/7.4 |7.4 10.0 | 0.0 
0.0005 | 6 6| 60- 60/7.4 | 7.4 | 0.0 | 0.259 
0.001 14- 14| 74-72|7.4 | 7.4 | 0.0 | 0.576 
0.005 36— 36 | 103-104 | 7.4 | 7.35 | 0.175) 0.788 
0.01 45- 47 | 118-118 | 7.08 | 6.95 0.420, 0.924 
0.05 107-105 | 152-152 0.806) 1.044 
0.1 121-123 | 169-169 | 5.93 | 5.85 | 1.151) 1.458 
1.850 


0.2 123-124 | 172-175 | 5.67 | 5.57 | 1.319 


* Duplicate determinations. 
The turbidity was measured on the Klett-Summerson photometer. 
The values for bacterial N are in mg. per 50 ml. 


tained with the basal chemically defined medium. These data 
show that growth is absent in the pantothenate-free media. 
However, when as little as 0.0002 y of calcium pantothenate was 
added per ml. of the assay medium, a growth resulted which was 
demonstrable macroscopically and measurable by the turbidimet- 
ric method. Growth at this same level could not be detected by 
either pH or bacterial nitrogen determinations; consequently, 
turbidity readings were chosen for assay purposes in subsequent 
experiments. In the chemically defined basal medium the first 
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detectable growth occurred when 0.005 y of pantothenate was 
added per ml. 


A standard curve for use in assaying materials was obtained by 
determining the relationship between growth and the concentra- 
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Fic. 1. Relationship between the turbidity and the concentration of 
calcium pantothenate in a chemically defined medium plus 0.1 per cent 
alkali-treated peptone. 


tion of calcium pantothenate ranging from 0.0001 to 0.001 y per 
ml. of the assay medium. Values for this relationship are tabu- 
lated and plotted in Fig. 1. The curve lends itself very well for 
the evaluation of the pantothenic acid content of extracts from 
various materials. It is necessary, however, to establish such a 
curve each time a group of assays is made, since it has been ob- 
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served that slight deviations in the curve result on different 
days. 

Application of Method for Assay of Extracts of Natural Materials 

-Aqueous extracts of natural materials were prepared as pre- 
viously described (3, 7). The material was autoclaved for 30 
minutes at 15 pounds pressure, after which any voluminous pre- 
cipitate was removed by filtration through paper. The relatively 
clear filtrates were then autoclaved for 10 minutes at 15 pounds pres- 
sure and the sterile solutions served as the stock material for assay. 

A preliminary assay of each extract was first carried out by a 
titration technique to obtain the approximate pantothenate con- 
centration in the specimen. This was done as follows: 10-fold 
dilutions were prepared from each extract and 0.1 ml. of each 
dilution was incorporated in 10 ml. of the assay medium; the tubes 
were inoculated and after 24 hours incubation were observed 
macroscopically for evidence of growth. In previous experiments 
with synthetic crystalline pantothenate, it was observed that 
0.0002 y of calcium pantothenate per ml. of assay medium afforded 
growth of the test organism which was evident by macroscopic 
observation. Half of this amount, or 0.0001 y per ml., resulted 
in no growth detectable macroscopically. Consequently, in the 
preliminary assay of a substance if the tube containing 0.1 ml. of 
a 1:100 dilution showed growth but 0.1 ml. of the 1: 1000 dilution 
was negative, it would indicate that 0.1 ml. of the lower dilution 
contained at least 0.002 y, but less than 0.02 y, of pantothenate. 
Furthermore, it follows that the 0.1 ml. of the 1:1000 dilution 
contained less than 0.002 y of pantothenate. 

To obtain more exact information two or three amounts of 
either of these two dilutions were selected which by interpretation 
of the above results should give turbidity readings between 20 and 
60 on the standard curve. These tubes were then inoculated, 
incubated for 24 hours, the turbidity read, and the pantothenate 
concentration calculated from the curve. 

In most instances no interference has been encountered by the 
opacity or color of the extracts, since the dilutions used have been 
sufficient to eliminate this error. However, when the amount of 
extract does impart either opacity or color to the assay medium, 
it is necessary to clarify the extract, previous to making an assay, 
by employing an adsorbent such as kieselguhr. 
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Taste Il 
Assay of Pantothenate from Extracts of Natural Substances 





| Klett- | 








Summer-) Pantothenate 
Material Amount of extract incorporated| son | Pantothenic concentration 
assayed in 10 ml. assay media nephe- | acid equivalent per mg. 
lometer | substance 
reading 
Y Y 
Bacto-pep- 0.4 ml., 1:100 dilution | 20-20*}0.0016-0.0016|0.04 -0.04 
tone 0.8 “ 1:100 - , 40-40 0.003 -0.003 |0.0375-0.0375 
Bacto-liver 0.1 ** 1:100 “ 39-37 0.0029-0.0028/0.29 -0.28 
Bacto-yeast 2° ite 34-34 0.0026-0.0026)1.30 -1.30 
extract oe” ia 51-51 |0.0038-0 .0038)1.296 —1.296 
Casein 0.1 ~*~ 10 e 25-25 0.0019-0.0019/0.019 -0.019 
l 





:10 7 51-51 0.0038-0.0038/0.019 -0.019 





* Duplicate determinations. 








Taste III 
Recovery of Added Calcium Pantothenate from Several Substrates 
Amount 
of panto | Amount of| Total | 
thenate in | “moun: or | be 
Specimen to which Ca panto- | specimens | —— —_ Fe am Per cent 
thenate was add | as ~ 4 7 dere chenate by aseay recovery 
| mined by 
previous added content 
assay 
Y Y Y Y 


0.0030 | 0.002 | 0.0050 | 0.0048 96 
0.0029 | 0.002 | 0.0049 | 0.0053 108 

| 0.0026 | 0.002 | 0.0046 | 0.0050 108 
0.0038 | 0.002 | 0.0058 | 0.0062 106 

| 0.0018 | 0.002 | 0.0038 | 0.0041 107 
| 0.0040 | 0.002 | 0.0060 | 0.0061 101 
Alkali-treated specimens 
Bacto-peptone | 0 0.002 0.002 0.0019 95 
| 0.003 | 0.003 | 0.0031 103 


Bacto-liver 
Bacto-yeast extract 


| 
Bacto-peptone | 0.0016 0.002 | 0.0036 | 0.0032 88 
Casein 





Bacto-liver 0 | 0.002 | 0.002 0.0018 90 
| 0.003 | 0.003 0.0028 93 
Bacto-yeast extract | 0 | 0.002 0.002 0.0021 105 


0.003 | 0.003 0.0032 106 
Casein a 0.002 | 0.002 0.0019 95 
0.003 | 0.003 0.0026 87 
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Quantitative Recovery of Pantothenate from Various Substrates— 
Experiments were carried out patterned after those previously 
employed (3) for the quantitative recovery of pantothenic acid. 

The natural pantothenate content of Bacto-peptone, Bacto- 
yeast extract, Bacto-liver, and casein was first determined. Aque- 
ous extracts of each were prepared and the assay was conducted as 
described. Results of these assays, which are presented in 
Table II, show a close agreement between values obtained with 
duplicate samples, as well as with those obtained with different 
amounts of the same sample. 

Following this, a known amount of calcium pantothenate was 
added to a sample of each of the above extracts and the resulting 
mixtures were then assayed. Similar assays were made in which 
calcium pantothenate was added to alkali-treated samples of the 
above extracts. The results are presented in Table III, and the 
agreement obtained between the assay values and the actual pan- 
tothenate content in all instances provides evidence for the con- 
sistency in duplication of results and for the specificity of the test. 

Additional evidence for the specificity of this assay procedure is 
that it has been impossible to replace the pantothenic acid with 
any one or a combination of known bacterial growth factors. 
Furthermore, the intact pantothenic acid molecule is required, 
since in experiments in which the pantothenate molecule was re- 
placed by its two components (S-alanine and a-hydroxy- ,6- 
dimethyl-a-butyrolactone) growth failed to occur. 


DISCUSSION 


In this assay procedure a test organism is employed which is 
capable of responding to a lower dosage of pantothenate than the 
organisms used in other methods described in the literature. 
When as little as 0.0002 y of synthetic calcium pantothenate is 
added per ml. of the assay medium, visible growth occurs. This 
makes it possible to determine the pantothenate content of ex- 
tremely small amounts of natural substances, a fact which may be 
significant, since other non-specific factors which might affect the 
test, such as inhibitory substances and interference by color or 
opacity, can be avoided by dilution. 

Preparation of inoculum is extremely simple and there is little 
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chance for contamination to occur. The composition of the assay 
medium approaches chemical definition and consequently lends 
itself to accurate duplication. 


SUMMARY 


A microbiological technique, in which Proteus morganii is em- 
ployed, has been described for assaying the pantothenic acid con- 
tent of natural materials. Evidence has been presented which 
indicates that the response of the test organism to pantothenate is 
highly sensitive and specific. The organism requires only about 
0.0002 y of calcium pantothenate per ml. of medium to initiate 
visible growth. Results obtained with this test indicate that re- 
covery of pantothenate is practically quantitative. 
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Since efforts to isolate adenosine triphosphate from brain by 
the various procedures described in the literature (Fiske and 
Subbarow, 1929, b; Lohmann, 1931, 1932; Barrenscheen and Filz, 
1932) led to poor yields or to impure products, we attempted first 
to revise the method of isolation. The procedure described below 
has given satisfactory yields of pure salts of adenosine triphosphate. 

In the method described by Fiske and Subbarow (1929, b) the 
compound was prepared from the neutralized trichloroacetic acid 
extract of muscle by precipitation with mercuric acetate in the 
presence of 2 per cent acetic acid, followed by removal of the mer- 
cury as sulfide and finally by precipitation with calcium chloride 
and alcohol from HCI solution. For the sake of further purifica- 
tion the entire procedure was repeated. Barrenscheen and Filz 
(1932) adopted this general procedure in preference to the more 
complicated one of Lohmann (1931). Although they stated their 
yield as silver salt to be 30 to 38 per cent from rabbit muscle and 
as high as 64 per cent for dog muscle,’ we were unable to secure 
more than a 15 per cent yield by their procedure, and therefore 


1 The highest content we have noted for dog muscle excised rapidly and 
frozen in liquid air is 59 mg. of adenosine triphosphate phosphorus per 100 
gm., and the average for five experiments was 49 mg., calculated on the 
assumption that the hydrolyzable phosphorus (7 minutes hydrolysis in Nn 
HCl! at 100°) represents two-thirds of the adenosine triphosphate phos- 
phorus. In the experiment cited by Barrenscheen and Filz 13 gm. of the 
silver salt were reported to have been obtained from 3 kilos of dog muscle, 
which corresponds to 48.8 mg. of P per 100mg. If the yield were 64 per cent, 
the muscle should have had an original content of 76 mg. of adenosine 
triphosphate P per 100 gm., a figure much higher than we have observed. 
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examined the various steps to determine the reasons for loss. In 
the first step (addition of alkaline calcium chloride?) only 60 to 
75 per cent of the adenosine triphosphate is precipitated, as judged 
by determining both the easily hydrolyzed phosphorus and the 
purine nucleotide (Kerr, 1940). The results were not signifi- 
cantly different when the quantity of calcium chloride added was 
0.25 volume (Fiske and Subbarow, 1929) or 0.1 volume (Bar- 
renscheen and Filz, 1932). 

In the second operation, after solution of the precipitate in 2 
per cent acetic acid, mercuric acetate precipitates somewhat less 
than 90 per cent of the nucleotide present. If mercuric acetate is 
added directly to the neutralized trichloroacetic acid filtrate in 
the presence of 2 per cent acetic acid as recommended by Fiske and 
Subbarow (1929, b), the loss of nucleotide is over 25 per cent. 

On precipitation of the silver salt from HNO; solution with 25 
per cent alcohol as recommended by Barrenscheen and Filz (1932), 
approximately half of the material may be lost. 

These losses may be reduced considerably by taking advantage 
of the fact that mercuric acetate in the presence of 0.1 to 0.2 
per cent acetic acid quantitatively precipitates the purine nucleo- 
tides from tissue filtrates (Kerr, 1940), leaving inorganic phosphate 
in solution.® 

We prefer to prepare the compound as a barium rather than a 
calcium salt, because the lower solubility of the former permits 
repeated precipitation from aqueous solution with relatively little 
loss, and also because of the ease with which the cation may be 
removed when the silver or sodium salts are to be prepared. The 
separation of adenosine diphosphate, adenylic acid, inosinic acid, 
the pyridine nucleotides, and other nitrogenous impurities is ac- 
complished by several precipitations of the barium salt from 


* Barrenscheen and Filz (1932) apparently understood from the publica- 
tion of Fiske and Subbarow (1929, b) that precipitation by alkaline calcium 
chloride formed the first step in this procedure. Since 25 to 40 per cent of 
the material is lost in this one operation, we believe that this interpretation 
was not intended. 

3 It is remarkable that although mercuric acetate precipitates the major 
portion of inorganic phosphate from pure solutions containing trichloro- 
acetate and 0.2 per cent acetic acid, it precipitates practically none of the 
inorganic phosphorus contained in or added to trichloroacetic acid extracts 


of muscle or brain. 
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aqueous solution (Lohmann, 1931, 1932; Warburg and Christian, 
1936). 

Preparation of Barium Salts—Muscle, excised rapidly from an 
anesthetized animal, is ground in a chilled meat chopper and 
received in a weighed vessel containing 20 per cent iced trichloro- 
acetic acid. After being weighed again, the mixture is diluted to 
make the proportion of muscle to acid 1:5 and the concentration of 
acid 8 to 10 per cent, then allowed to stand on ice with occasional 
mixing for half an hour. The protein precipitate is separated and 
the filtrate neutralized to phenolphthalein with 40 per cent NaOH. 

Glacial acetic acid is added to a concentration of 0.2 per cent, 
followed by 5 cc. of 20 per cent mercuric acetate solution’ per 
100 ce. of filtrate, and the mixture is allowed to stand until the 
precipitate has settled. This is separated by centrifugation, 
washed once with 0.5 per cent mercuric acetate, and then sus- 
pended in water (volume in cc. about one-fifth the number of 
gm. of muscle used). The suspension is cooled in ice and treated 
with H.S for an hour, with occasional shaking. The mercuric 
sulfide is separated by centrifuging, again suspended in water, and 
treated.a second time (15 minutes) with H.S. The combined 
supernatant fluids contain all of the nucleotide and hydrolyzable 
phosphorus found in the original protein-free filtrate, and only 
traces of inorganic phosphorus. 

In order to remove iron the iced solution is made slightly 
alkaline with N NaOH and the volume of alkali noted.’ About 10 
gm. of sodium acetate are added to insure flocculation of the 
ferrous sulfide, and HS is again passed in for 10 minutes. The 
ferrous sulfide is filtered off, the cold solution is again acidified 
with a volume of 3 N HCl equivalent to the NaOH used, and HS 
is removed by aeration. The barium salt is at once precipitated 


‘Before neutralization a small portion should be set aside for deter- 
mination of organic hydrolyzable phosphorus (Lohmann, 1928) if informa- 
tion about yield is desired. 

5 The mercuric acetate is dissolved in 2 per cent acetic acid. 

* Unless the procedure can now be carried through to the precipitation 
of the barium salt by alcohol without delay, it is essential that the de- 
composition with H.S should be postponed until the next day. 

7 Adenosine triphosphate is slowly converted into adenylic acid and 
pyrophosphate in alkaline solution even on ice; hence the period during 
which the solution remains alkaline must be as brief as possible. 
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by addition of 25 per cent barium acetate solution (25 ec. per kilo 
of muscle) and 2 volumes of alcohol. As soon as the precipitate 
has flocculated, it may be centrifuged, dissolved in 0.1 n HCL! 
and reprecipitated with alcohol. These two precipitations remove 
the major part of a nitrogenous impurity and the last trace of 
inorganic phosphorus. Losses of adenosine triphosphate up to 
this point are less than 5 per cent. The proportion of hydrolyz- 
able to total phosphorus is about 66 per cent, but the atomic ratio 
of N:P is about 5.4:3. 

To separate the remaining impurities, the barium-alcohol 
precipitate is centrifuged,® dissolved in HCI as before (volume in 
ec. about one-tenth the number of gm. of muscle used), and pre- 
cipitated by addition of 25 per cent barium acetate solution (15 ce, 
per kilo of muscle sample) together with sufficient Ba(OH), 
to make the solution barely alkaline to phenolphthalein.’° The 
precipitate is dissolved and reprecipitated in the same way until 
the atomic ratio of total P to total N is 3:5. Two such precipita- 
tions followed by two with barium acetate alone (barium hydroxide 
being omitted) usually suffice. 

The dibarium salt thus prepared is washed twice with water 
and once with 50 per cent alcohol to remove excess barium acetate, 
twice with 95 per cent alcohol and once with ether to remove water, 
and then powdered and air-dried. For complete dehydration it 
should be dried in a vacuum over P,O; at 100°. The yield is 
approximately 60 per cent of the adenosine triphosphate in the 
original filtrate. On addition of 2 volumes of alcohol to a solu- 


*In this and all succeeding solutions of the barium precipitates the 
most efficient method is first to add water, stopper the centrifuge bottle, 
and shake to suspend the precipitate. On addition of sufficient 3 n HCl 
to make the entire solution approximately 0.1 N, most of the precipitate 
dissolves. When large preparations (800 gm. of muscle or more) are han- 
dled, two extractions may be required, with persistent shaking. The 
extracts in all cases are filtered to separate insoluble material. On account 
of the lower solubility of the compound when cooled in ice it is preferable 
to work rapidly at room temperature. 

® The acid barium salt suspended in alcohol is relatively stable and may 
be left overnight but the succeeding steps must be carried through without 
delay if decomposition is to be avoided. 

10 From the discarded supernatant liquids, alcohol precipitates material 
in which the hydrolyzable P represents about 40 per cent of the total, and 
the atomic ratio of P: N is 2:5.8. 
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tion of the neutral barium salt in 0.1 N HCl a mixture of mono- 
and dibarium salts is precipitated. A second precipitation from 
HC! solution yields the monobarium salt. Since this is soluble 
in water, it should be washed only with alcohol and ether. It may 
be completely dehydrated in a vacuum over P,O; at 100°. 

The corresponding calcium salts may be prepared by similar 
procedures. After the removal of iron two precipitations by 
alcohol (4 volumes) and two with calcium chloride saturated with 
Ca(OH). yield a product with the correct ratio of P: N but a low 
yield (38 per cent). After two precipitations by alcohol from HCl 
solution a pure monocalcium salt is obtained. 

Analytical Methods—Carbon and hydrogen were determined by 
the micromethods of Pregl (Pregl and Roth, 1935). All of the 
nucleotide preparations after drying in a vacuum over P.O; ab- 
sorb moisture very rapidly on exposure to air; hence it was neces- 
sary to dry and weigh all samples for analysis in the special weigh- 
ing bottle and vacuum drying pistol designed for this purpose 
(Pregl and Roth, 1935, p. 68). On combustion of the nucleotides 
some charred material usually remains encased in the fused 
residue: of phosphate, but ignition with vanadium pentoxide re- 
sults in complete oxidation."" We have found it preferable to 
burn the sample in the usual way, then to withdraw the boat 
momentarily for addition of a piece of recently fused V2O;, and 
reignite, rather than to add the V.O; before the combustion, with 
consequent absorption of moisture from the air during the delay. 

Nitrogen was determined by a micro-Kjeldahl procedure (Kerr, 
1940), and total phosphorus colorimetrically (Fiske and Subbarow, 
1925). Barium was precipitated as sulfate from hot 0.1 Nn HCl 
solution, transferred by suction to a porous bottomed crucible 
(Pregl and Roth, 1935, p. 146), and weighed after three ignitions 
with intermediate washings. Silver was determined by titration 
with 0.01 N thiocyanate after ashing with sulfuric acid (Hitchings, 
1933), the results by this procedure agreeing closely with those 
obtained by weighing the silver as chloride. 

Preparations—The compound precipitated by barium acetate 
from 0.1 N HCl solution and dried over P20; at 100° in a vacuum 

‘! This is the procedure used in the micro laboratory of the chemical 
department of the Kaiser Wilhelm Institute at Heidelberg, according to 
a personal communication from Dr. Wallenfels to Dr. George Fawaz. 
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(Cenco Hyvac oil pump) had a composition agreeing with that 
calculated for the anhydrous dibarium salt. 


Analysis—C,o0H,20,;3N5P;Baz (777.88) 
Calculated. C 15.43, H 1.56, N 9.00, P 11.97, Ba 35.3 
Found. ~ ee * £66.." 6k “ii * as 


Lohmann’s (1931) analysis of his air-dried salt, precipitated at 
“neutral reaction,’’ corresponded to that of a dibarium salt with 
6 molecules of water, 5.61 of which were given up on drying in a 
high vacuum over P,O; at 78°. Our preparation after drying in 
air for over 2 weeks gave up water corresponding to 13.87 per cent 
of the anhydrous residue (equivalent to 5.95 molecules) on being 
dried in a vacuum over P.O; at 100° for 3 hours. Barrenscheen 
and Filz (1932) stated that their compound after drying in the 
desiccator retained 6 molecules of water, only 4 of which were lost 
at 100° over P.O; in a vacuum. 

The compound precipitated twice by alcohol from the solution 
of the barium salt in 0.1 N HCl and dried in a vacuum over P.O; 
for 1 hour at 100° had a composition agreeing with that calculated 
for the anhydrous monobarium salt. 


Analysis C oH ,.O aN P;Ba (642 52 
Calculated. N 10.91, P 14.50, Ba 21.40 
Found. * Bae" Be. “* Bh 


Silver Salts—Fiske and Subbarow (1929, b) stated that the cal- 
cium salt may be converted to the silver salt (CyoHis0Oi3N5P3Ags) 
by precipitation with AgNO; from HNO; solution. Barrenscheen 
and Filz (1932) precipitated the silver sait from 0.83 N HNO; 
by addition of alcohol to 25 or 30 per cent concentration, then 
redissolved and reprecipitated it in order to obtain material pure 
enough for analysis. They reported no silver determinations. 
We find that the compound precipitated by AgNO; and alcohol 
from a solution of the calcium salt containing HNOs (either 0.1 
or 0.5 N) contains usually only 2 atoms of silver and 0.5 of an 
equivalent of calcium. The silver salt prepared without the use of 
aleohol also contained calcium. Iron, if not previously removed, 
will also be found in the silver salt replacing part of the silver. 

The pure trisilver salt was prepared from free adenosinetri- 
phosphoric acid (made from the barium salt by addition of the 
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calculated equivalent of H.SO,)" by precipitation with silver 
nitrate solution in the presence of 0.1 N HNO; and 0.5 volume of 
alcohol. The precipitate was washed several times with alcohol 
and finally with ether and was then dehydrated in a vacuum for ! 
hour over P.O; at 100°. The composition agreed with that cal- 
culated for the anhydrous trisilver salt. 


Analysis Cy oH j30;3N5PsAgs (827.87) 
Calculated. C 14.49, H 1.58, N 8.46, P 11.24, Ag 39.1 
Found. * re,” 255," San the oe 


A tetrasilver salt was obtained by adding free adenosine- 
triphosphoric acid (prepared by addition of the caleulated amount 
of H.SO, to the barium salt!*) to an excess of 1 per cent silver 
acetate solution. Addition of 0.5 volume of alcohol caused addi- 
tional precipitation. After being washed with alcohol and ether 
the product was dehydrated over P.O; at 100° in a vacuum. At 
100° in N HCl 67.1 per cent of the phosphorus was hydrolyzed in 
15 minutes. The compound was white, but on long exposure to 
light the exterior became grayish, and the inner portions yellow. 
The trisilver salt assumes a reddish violet color on exposure to 


light. 


Analysis CoH of YisNsPsAgy (934.75) 
Calculated. C 12.84, H 1.30, N 7.49, P 9.94, Ag 46.2 
Found. “BS,” 2° 7a, on 4—@e 


Barrenscheen and Filz (1932) described a compound the com- 
position of which agreed with that calculated for the tetrasilver 
salt of adenosine triphosphate, although no silver determination 
was reported. Wagner-Jauregg (1936) repeated their procedure 
but found the preparation to consist of a mixture of inosine di- 
and triphosphate. The compound prepared by Barrenscheen 
and Filz was stated to form an acid solution. Our preparation, 
after removal of silver by means of 1 per cent NaCl solution, 
yielded a solution neutral to phenolphthalein. 


2 The amount of H.SO, required is calculated from the total P content 
of the preparation in HCl solution. The compound is again precipitated 
by barium acetate and washed to remove excess barium. The slight excess 
of H,SQ, resulting from this calculation (due to the loss of material during 
reprecipitation and washing) is unobjectionable. 
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Both the tri- and the tetrasilver salts dissolve readily in 1 per 
cent NaCl solution forming opalescent transparent solutions from 
which AgCl separates slowly on standing at room temperature, 
rapidly at 100°. 

A soluble mercury preparation, possibly a double salt of sodium 
and mercury, was also prepared. On addition of mercuric acetate 
to the sodium salt of pure adenosinetriphosphoric acid (prepared 
by neutralizing the free acid with NaOH) no precipitate forms," 
but addition of 1.5 volumes of alcohol causes the separation of a 
precipitate containing both mercury and sodium, easily soluble in 
water. On evaporation of the aqueous solution to dryness in a 
vacuum at room temperature a clear glassy mass with conchoidal 
fracture results. For analysis the material precipitated by alcohol 
was washed with alcohol and ether and dried in a vacuum at 100° 
over P,O;. Addition of water acidified with HCl resulted in an 
opalescent solution from which a small amount of mercurous 
chloride separated on heating. This was filtered off and weighed. 
Mercuric mercury was precipitated by H.S, filtered through a 
porous bottomed crucible, washed with CS., and weighed as 
HgS. Phosphorus, nitrogen, and sodium were determined in 
the filtrate. For sodium estimation an aliquot portion was evapo- 
rated in a quartz dish, digested with HNO; and H,Okz, ignited, and 
then dissolved in 25 cc. of water. Phosphorus was removed by 
shaking with 0.2 gm. of Ca(OH)... From this point the procedure 
recommended by Butler and Tuthill (1931) for solutions with 
minimal sodium content was continued, the treatment with 
ammonium perchlorate being omitted. The data obtained by 
analysis of the mercury-sodium complex are given in Table I. 
The entire method was tested on known mixtures of sodium 
salts and pure adenosine-triphosphoric acid and found to be exact. 

Whether the preparation consists of a double salt or of a mix- 
ture, it is obvious that the mercury and sodium cannot all be 
attached to the phosphorus if the formula of Lohmann (1935) 


'8 Although mercuric acetate forms no precipitate when added to a 
solution of the pure sodium salt, it nevertheless precipitates nucleotides 
quantitatively from the neutralized trichloroacetic acid extract of tissues 
In such solutions the adenosine triphosphate must be present as the sodium 


salt, but possibly is attached also to other groups 
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with 4 replaceable hydrogen atoms is to be accepted. Possibly 
1 atom of mercuric mercury may be attached to the free amino 
group of adenine. 

Since the proportion of total phosphorus hydrolyzed in the 
presence of N HCl at 100° is occasionally used as a means of esti- 
mating adenosine triphosphate, it is of interest to compare our 
findings with those of Lohmann (1931) and Fiske (1934). The 
former stated that exactly two-thirds of the organic phosphorus 
was converted to inorganic in 7 minutes, whereas Fiske found 
two-thirds split in 15 minutes. For twenty-two different prepara- 
tions of the dibarium salt, each with a P:N ratio close to the 


TABLE | 
Analysis of Mercury-Sodium Complex 


per cent atoms 
Hg (ous 1.62 0.08 
« dic 42.7 2.13 (4.26 H* equivalents) 
Na 3.58 1.56 
y 9.15 2.95 
N 7.00 5.00 


Che sum of the cations (H equivalents is 5.90 atoms; the ratio of cations 


to P, 5.90:2.95 or 2:1 


theoretical, we find the amount hydrolyzed within 15 minutes to 
average 67.9 + 1.4 per cent of the total. For six preparations of 


the acid salt the average was 67.2 + 1.4, and for five silver salts 


65.1 + 1.0. 


SUMMARY 
Procedures are described for the preparation of the barium and 
silver salts of adenosine triphosphate, including a tetrasilver salt 


not previously described. 
A soluble complex mercury preparation is described. 


The author is indebted to his colleague, Dr. George H. Fawaz, 
for valuable advice, particularly in the use of the micromethods 


of Pregl. 
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NOTES ON THE PREPARATION OF MUSCLE ADENYLIC 
ACID 


By STANLEY E. KERR 


(From the Department of Biological Chemistry, American University of 
Beirut, Beirut, Lebanon) 


(Received for publication, January 2, 1941) 


Although a number of methods have been published for the 
preparation of adenylic acid by hydrolysis of adenosine triphos- 
phate (Lohmann, 1931, 1932; Barrenscheen and Lang, 1932), we 
encountered sufficient difficulty in securing a pure product to 
justify presenting details of a method which finally yielded good 
results. In this method use is made of mercuric acetate for con- 
eentrating the adenylic acid from dilute solution. Various details 
of other published procedures are utilized, and the conditions are 
defined for securing the best yield of an analytically pure product. 

In order to permit repeated recrystallization of the final product, 
a minimum of 2.5 mM of adenosine triphosphate (2 gm. of the 
anhydrous dibarium salt!) should be used for the preparation. 
This is brought into solution by shaking with water (40 to 50 ee. 
per mm) and HCl, a portion is removed for determination of total 
phosphorus,? and the number of mM in the entire batch is calcu- 
lated (total phosphorus divided by 93). The barium salt is then 
reprecipitated by neutralizing with Ba(OH). solution, with 
phenolphthalein as indicator. The suspension is immersed in a 
boiling water bath and the calculated amount of Ba(OH), required 
for the hydrolysis (the equivalent of 2 ec. of N Ba(OH)2 per mm 
of adenosine triphosphate) is added from a burette during a 
period of 20 minutes, additions being made at intervals of a 


‘A method for the preparation of this salt is described in the preceding 
paper (Kerr, 1941) 

? Measure 1 cc. into a 10 ce. graduated cylinder, add a few drops of 10 
Nn H.SO,, and dilute to l0ce. Filter off the BaSO, and use 1 cc. of the filtrate 
for determination of total phosphorus (Fiske and Subbarow, 1925). 
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minute. The heating is continued for another 10 minutes (30 
minutes in all). Although the separation of adenylic acid from 
the pyrophosphate split off during the alkaline hydrolysis is 
based on the solubility of barium adenylate, practically none of 
the latter is found in the supernatant fluid. Hence the precipitate 
after cooling is brought into solution by means of HCl, diluted to 
a volume of 700 cc. per mM, and then reprecipitated by addition of 
Ba(OH), until phenolphthalein is just reddened. The precipi- 
tated barium pyrophosphate is allowed to settle and the super- 
natant fluid containing the adenylate is separated by siphoning 
and centrifuging. The solution is made 0.2 per cent acid with 
acetic acid, and 0.05 volume of 20 per cent mercuric acetate is 
added. After settling overnight the precipitated mercury adeny- 
late is separated by decanting and centrifuging, washed once with 
0.5 per cent mercuric acetate solution, and then suspended in 


H,O (a volume of 20 cc. per mM of original material \ few drops 
of 2 N H.SO, are added to insure removal of traces of barium car- 
ried down with the mercury precipitate. HS is then passed 


through the suspension for an hour with occasional shaking, HgS 
is removed by centrifuging and filtering, and the filtrate is aerated. 
Together with the washings the volume of solution should not 
exceed 25 cc. per mM. \nalysis of this solution for total phos- 
phorus should show a concentration of about | mg. per cc., losses 
of about 30 per cent having occurred up to this point. The 
hydrolyzable phosphorus (15 minutes hydrolysis in N HCl at 
100°) is, however, about 18 per cent of the total, indicating the 
presence of some di- or triphosphate of adenosine, since only 2 
per cent of adenylic acid is hydrolyzed under these conditions. 
The polyphosphates may be partially separated by fractional 
precipitation with acetone. 

Acetone is added gradually to the solution at room temperature 
until the first permanent turbidity is produced, but not over 1.5 
volumes, and the flask is placed on ice overnight. ‘The amorphous 
precipitate which forms on addition of 1.5 volumes of acetone con- 
tains about 7 per cent of the phosphorus present. The ratio of 
phosphorus to nitrogen in the precipitate is 1.2:5, and the hy- 
drolyzable phosphorus is about 24 per cent of the total. This pre- 
cipitate is discarded. 

To the supernatant fluid acetone is again added to the point of 
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turbidity. On standing overnight on ice adenylic acid separates 
in crystalline form. Acetone is added repeatedly in quantities 
sufficient to cause turbidity until a second 1.5 volumes (total, 3 
volumes) have been added. Under these conditions 72 per cent 
of the adenylic acid will crystallize out. Another 17 per cent of 
the phosphorus can be precipitated by addition of acetone up 
to 5 volumes, but this fraction also is amorphous and has a P:N 
ratio similar to that of the first impure fraction. 

The crystalline adenylic acid is by no means pure, having a 
P:N ratio of 1.07:5 and a low melting point. The crystals are 
freed from acetone by gentle heat, then dissolved from the walls 
of the flask in a minimum of boiling water, and filtered into a 
pointed centrifuge tube. With washings the volume should not 
exceed 4 ce. per mo of original material, and the solution should 
contain from 5 to 8 mg. of phosphorus per cc. When cooled on 
ice with occasional stirring, crystalline adenylic acid separates. 
This is centrifuged while still cold and the supernatant fluid sepa- 
rated.* Six to eight recrystallizations from hot water are required 
to complete the purification. Although the ratio of phosphorus 
to nitrogen may be correct after five crystallizations, the melting 
point will be found to be as low as 182°, whereas further recrystal- 
lization yields material with a melting point of 189-190°. The 
crystals are finally washed with alcohol and ether. Anhydrous 
material is obtained from the air-dried salt on exposure to a high 
vacuum over P.O; at room temperature (28°), no further loss 
occurring at 78°. 

Analysis —C,o9HyN;O7P (347.27 

Calculated. C 34.56, H 4.06, N 20.17, P 8.93 
Found ** 34.93, ** 4.75, “‘ 19.95, “‘ 8.98 


On rapid heating (1° in 10 seconds) the crystals darkened at 
186° and melted with decomposition and effervescence at 189° 
(uncorrected). The procedure recommended by Mulliken (1905) 
was followed. 

Embden and Zimmermann (1927) observed a melting point of 
194°, Lohmann (1931) reported 197—198°, and Barrenscheen and 


3 If the centrifuging is done while the tube is still cold, the loss of adenylic 
acid in the mother liquor will be 6.2 mg. (0.55 mg. of P) perce. The mother 
liquor may be reserved for further recovery of adenylic acid of lower purity. 
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Lang (1932) 193°. Jachimowicz (1937) reported melting points 
of 198° for the preparation of Embden, 196° for adenylic acid 
prepared by means of phosphatase, and 196° for synthetic adenylic 
acid. 

On hydrolysis in N HCI at 100°, 2.01 per cent of the phosphorus 
was converted to inorganic phosphorus in 15 minutes, 4.79 per 
cent in 30 minutes, and 10.98 per cent in 60 minutes. Since 
adenine is completely liberated under these conditions within 15 
minutes or less (Lohmann, 1931; Levene and Tipson, 1937), the 
values reported for 30 and 60 minutes actually represent the rate | 
of decomposition of ribose phosphate. 


SUMMARY 


Details of a method for the preparation of adenylic acid by 
alkaline hydrolysis of the barium salt of adenosine triphosphate 


are presented. 
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The relief of myxedema with iodoproteins of extrathyroidal 
origin and the preparation of metabolically active iodoproteins 
have been described in a previous communication (1). The pro- 
teins used had an iodine content of about 15 per cent. The 
amount of iodoprotein needed to give a standard response! ac- 
cording to Lerman and Salter (1) contained about 170 mg. of 
iodine and corresponded to approximately 1 gm. of original protein. 

It was obvious that by far the largest part of the iodine was 
present in some form that is completely inactive in the relief of 
myxedema. Therefore, for the study of the chemical reactions 
underlying the formation of the physiologically active material, 
it seemed desirable to determine at which iodine concentration the 
first sign of activity manifested itself and at which concentration 
the activity became maximal. 

Preparation—The protein used was horse serum albumin ob- 
tained from the Antitoxin and Vaccine Laboratory of the Massa- 
chusetts Department of Public Health. The globulins had been 
precipitated from the serum with alcohol without further pre- 
cipitation of the albumin. 

To 1 liter of albumin in 25 per cent alcohol, usually containing 
from 45 to 50 gm. of protein, were added 240 cc. of concentrated 


* This investigation was aided by grants to William T. Salter from 
the International Cancer Research Foundation and from the Committee 
on Research in Endocrinology of the National Research Council. 

1A “standard response”’ is the response observed on administration of 
thyroxine polypeptide containing 0.5 mg. of iodine. 
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ammonia and varying amounts of 1 N iodine in potassium iodide 
(approximately 25 per cent potassium iodide). During this proe- 
ess the iodine was added in 10 cc. portions to the protein solution; 
each successive portion was added only when all free iodine of the 
lot previously added had disappeared. The reaction mixture 
was allowed to stand for 15 minutes after the reaction was com- 
pleted. It was then neutralized with aqueous hydrochloric acid 
(1 volume of concentrated acid to 1 volume of water), with simul- 
taneous addition of ice to keep it at room temperature. The 
reaction of the mixture was adjusted to provide maximal pre- 
cipitation; 7.e., at about pH 4.5 to 5.0. The precipitate was left 
to settle until the next day. It was then washed several times 
with water and dissolved with sodium hydroxide at pH 8 to 9. 
The solution was analyzed for total nitrogen, ammonia nitrogen, 
and total iodine. The iodine percentage was calculated as the 
ratio 
Iodine X 100 
Protein N X 6.25 + iodine 


In some cases when the inorganic material had not been completely 
washed out, a small correction for inorganic iodine still present 
was made, as follows: The residual iodide was estimated from the 
amount of ammonia nitrogen in the solution by assuming that the 
ratio of ammonium chloride and total iodide still present had not 
changed as a result of washing. 

Progressive Iodination of Albumin—Table I shows the results of 
the iodination of two different samples of horse serum albumin. 
The amount of iodine that enters into the protein molecule in- 
creases as more iodine is added, up to a certain maximum content. 
In this series, the maximum iodine bound per 100 gm. of iodo- 
protein amounts to 15 per cent (Table I, last column). If more 
iodine is added, not only does no more iodine enter the protein, 
but the final product usually has a lower iodine content (Table I, 
1940, Protein 3). The amount of iodine added is in most cases 
only slightly more than twice the amount bound, a finding which 
suggests that the reaction is primarily a substitution and that not 
much oxidation takes place. The preparations made in the spring 
of 1940 all have a lower iodine content, for the same amount of 
iodine added, than those in the autumn of 1939. This is probably 
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due to a difference in the sera. Both series show essentially a 
linear relation between iodine added and iodine bound up to 45 
gm. of free iodine supplied per 100 gm. of protein. 

Although the evidence is still incomplete, judging from the 
observations of earlier investigators (2) iodine will first enter into 


TaBLeE I 
Todination of Horse Serum Albumin 





, "a ; ‘ Iodopro- | Added Bound | [added | Per cent 
Protein No. ———- wy tein I per 100 | I per 100 sated I in iodo- 
_ = obtained gm. P gm. P | I bound | protein 


gm. gm. gm. gm. | gm. | 
1939 series 
la 162 15.1 | 122 9.32 | 4.03 | 2.33 | 3.9 
Ila 243 30.2 | 224 12.4 | 5.83 | 2.138 | 5.5 
IIla 243 5.3 | 231 18.6 8.69 | 2.14 | 8.0 
IVa 227 60.4 | 241 26.6 12.2 2.18 | 10.9 
Va 247 96.0 | 266 38.8 | 17.1 | 2.27 | 14.6 
IIIb 246 45.3 | 243 | 18.3 8.47 | 2.16 | 7.8 
IIIc 240 5.3 | 238 18.8 | 8.73 | 2.15 | 8.03 
IIb 17 .6 6.04} 46.4 | 12.6 | 5.95 | 2.12 | 5.61 
IVb 17.6 12.7 8.4 | 26.7 | 10.6 | 2.52 | 9.58 
1940 series | | 
1 18.4 7.75 | 44.8 | 16.0 7.02 | 2.28 6.6 
2 10.4 | 47.4 | 21.5 | 8.75 | 2.46 | 8.2 
3 25.4 8.9 | 52.5 | 13.2 | 3.97 | 11.8 
’ 19.0 | 52.0 | 39.4 | 16.4 | 2.40 | 14.4 
5 20.3 | 52.9 | 42.0 | 14.9 | 2.81 | 13.2 
6 21.6 54.4 | 44.6 | 17.6 2.53 | 15.3 
7 8.25} 34.3 | 17.1 | 7.7 2.22 7.2 
. 11.4 46.1 | 23.6 9.4 2.51 | 8.7 
9 12.7 41.1 25.3 | 10.6 2.38 9.7 
10 58.6 14.6 48.0 | 24.9 9.8 2.77 9.0 
11 16.5 58.5 | 28.2 11.1 2.54 | 10.0 
12 293 101 295 34.5 12.4 2.78 | 11.1 
12.5 5.6 2.23 5.3 


13 140 17.4 123 


the tyrosine of the protein molecule. It has been stated also that 
when all the tyrosine has been transformed into diiodotyrosine 
eventually histidine and possibly other cyclic amino acids become 
iodinated. If the tyrosine content of serum albumin is assumed to 
be 4.65 per cent (3), the iodine content should be 6.10 per cent 
when all the tyrosine has been iodinated and no other constituent 
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of the protein molecule has taken up iodine. This amount is 
less than one-half the percentage of iodine we have found in 
optimally iodinated albumin. Subsequently, if histidine also is 
iodinated completely, the total iodine content theoretically should 
be increased to 10.8 per cent, if one accepts the value of 3.4 per 
cent cited by Cohn (3). Obviously, even this assumption would 
not account for all the iodine actually found combined. Even 
lower values would follow from the value of 1.2 per cent given by 
Schmidt (4). 


Method of Assay 


The procedure followed in estimating the activity of these 
preparations was that of Salter, Lerman, and Means (5). The 
details of the assay have been discussed in an earlier publica- 
tion (6). Accordingly, only a brief synopsis will be given here. 

Qualitative Assay—The relief of human myxedema or cretinism 
produces striking and highly specific changes in physical appear- 
ance, mental activity, heat and water balance. All of the positive 
assays reported here showed unmistakable qualitative evidence of 
“thvroidal” activity. 

Quantitative Assay—For this purpose three main criteria were 
used. 

1. Rate of Recovery—Salter, Lerman, and Means (5) studied the 
reaction of the completely myxedematous adult to thyroxine or its 
polypeptide. They found that the daily administration of 0.5 mg. 
of iodine in this form produced a rise in basal metabolic rate which 
was nearly linear with time for 14 consecutive days. During this 
fortnight the basal metabolic rate characteristically rose from 
—40 to —5. This response was termed the “‘standard response.” 
The most accurate assays included in this report are those which 
approximately reproduced the “standard”’ response. In assays of 
thyroxine polypeptide in which four patients were employed, the 
accuracy had been estimated at better than +15 per cent; simul- 
taneous assays in the hands of Professor Reid Hunt had been no 
better than +50 per cent by his acetonitrile test in mice. 

2. Level of Recovery—Somewhat less accurate estimates of po- 
tency can be made by comparing the level of recovery with other 
levels produced by known thyroid medication. This method was 
employed by Lerman and Salter (7) to assay various therapeutic 
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agents. The basis for it has been described by Means and Ler- 
man (8). In brief, the permanent level of metabolism reached by 
an athyreotic adult is a function of the daily supply of thyroid 
hormone. For example, if the basal metabolic rate is —40 with 
no daily medication, it will approximate —25 with 0.1 mg. of 
thyroxine iodine daily, —15 with 0.2 mg., —10 with 0.4 mg., or 
—5 with 0.5 mg. after only 2 weeks of continuous medication. 
Similarly, 1.0 mg. daily would give a basal metabolic rate of 
+10 to +15. Slightly higher levels result from longer adminis- 
tration of the drug. These values have been established by 
Thompson, McLellan, Thompson, and Dickie (9), by Boothby and 
Plummer (10), and by Means and Lerman (8). The last authors 
point out that the duration of medication must be taken into 
consideration. 

This second criterion is most satisfactory when the effect of 
successive medications is compared in the same patient, the one 
medication serving to calibrate the metabolic standard for the 
other. 

8. Blood Cholesterol—The concentration of blood cholesterol is 
notoriously variable when random samples are taken from an 
unselected population. Nevertheless, it has been shown by Gilli- 
gan, Volk, Davis, and Blumgart (11) and by Man, Gildea, and 
Peters (12) that in a single individual, well controlled (as in a 
hospital), the level of blood cholesterol varies inversely with the 
basal metabolic rate in a characteristic fashion. Therefore, once 
the individual is calibrated, comparative assays may be gaged by 
this concentration. 

With these several criteria in mind, and with due experience in 
observing myxedematous patients, it is possible not merely to say 
that a given preparation has thyroidal activity, but also approx- 
imately what percentage of the “‘standard dose’’ is reproduced by 
an unknown preparation. Because in work previously published 
(1) it was found that slightly more than 1 gm. of serum protein, 
optimally iodinated, produced the “‘standard response” of Salter, 
Lerman, and Means (5), all assays in this report were conducted on 
the basis of 168 mg. of protein nitrogen as the unit of daily dosage. 
With this unit of protein varying amounts of iodine were combined, 
and the resultant potency studied. Detailed data are given in 
Table II 
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The medication was always given dissolved in a large excess of 
water, buffered with sodium bicarbonate. It was administered 


TABLE II 
Iodine Content Versus Thyroidal Activity 























‘ ‘ Basal metabolic rate Ley B 
318 ge 
_ g te u Time fed Be 
z 5 Before feeding | After feeding e3 53 ep 
& | 2 A | <= | 
mg. 
3.9 |168 | | 0 
5.3 |555 —40 —49 (362 346 [June 29-July 9 0 
6.6 |605 —3 —8 May 14-23 25 
7.2 |470 —1.7 —3 “« 3-14 45 
8.0 |168 —20 —5 (Oct. 5-15 40 | 
210} W —18; H —10 | W —12; H —5 /280) 117 |Sept. 29-Oct. 13 | 35 
8.2 |336]  —24 —24 | | Apr. 4-14 ‘115 
168| —24 —20 | | “ 4-12 - 
1336] —20 —20 } | 12-20 - 
8.7168,  —45 ~26 | | “ 27-May9 ||, 
(336) —26 —19 | May 9-20 
9.7 |168) +4 i 1170) 168 « 64-18 100 
(168 -7.7 1.7 224) Lost |Apr. 20-May 3/120 
10.9 1336 +4 +16 223) 190 |Mar. 1-15 75 
|168 — 36 18 372| 206 “ 4-15 
- | 80 
168 18 —14 206} 208 15-2] 
1168} W +10: H +18 | W +16: H +18 /107) 95 7-Apr. 12 90 
11.8 1168) +9 —§ 200) 224 (Apr. 5-20 /100 
13.2 |168 —24 5 | “15-28 1150 
14.4 |168) W +16; H +18 | W +14; H +12) 95) 56 ‘* 12-May 22 /100 
14 6 |168 * —27; ** —22) “* +18; * 24 |213) 61 Jan. 11-Feb. 13 1100 
ion )6=6Tlo” At 24) “* +10; ** +19] 61) 107 |Feb. 13—Mar. 7 
168 —24 —14 300} 284 |Jan. 12-26 
336 —14 +2 284) 238 ‘* 26-Feb. 9 90 
1336 +2 +7 238! 184 |Feb. 9-23 
168 — 40 —20 ‘* ~21-Mar. 6 50 
15.3 |168 — 20 +4 206} 170 |Apr. 20-May 4 140 


W, calculated on the basis of weight; H, calculated on the basis of 
height 


“on an empty stomach,” usually early in the morning. In this 


way maximal absorption was insured. 
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Biological Response 
In Fig. 1 the metabolic response has been plotted against the 
percentage of iodine in the iodoprotein. The results fall con- 
veniently into three categories: preparations with less than 6 per 
cent iodine show no activity; preparations with between 6 and 9 
per cent iodine show, in relation to the “standard dose” containing 
168 mg. of nitrogen,? 15 to 45 per cent of the standard response; 
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Fig. 1. Iodine content of horse serum albumin and its thyroidal activity 


preparations with more than 9 per cent iodine show a response of 
80 to 150 per cent of the standard. 

The spread in the response to different preparations of approx- 
imately the same iodine content is such that it cannot be decided 
definitely whether further increase of the iodine content above 10 
per cent increases the physiological activity. The general con- 
clusion that full activity is reached at an iodine content of from 9 
to 10 per cent seems justifiable, however. Incidentally, it will be 
observed that a single preparation with an iodine content of 14.6 


2168 mg. of nitrogen was found by Lerman and Salter (1) in optimally 
iodinated proteins to produce, on the average, a “standard response.” 
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per cent showed in one test an activity of only 50 per cent of the 
standard, but the same preparation tested on two other patients 
showed 90 and 100 per cent, respectively. 

It is often assumed that the physiological activity of thyroglobu- 
lin is determined by the thyroxine content. Of known compounds 
only thyroxine and to a much smaller degree diiodothyronine 
have been shown to have sufficient metabolic activity to be of 
significance in mammalian or clinical physiology. It is therefore 
natural to assume that the physiological activity of the serum pro- 
tein iodinated in vitro is due to thyroxine, diiodothyronine, or 
perhaps some close derivative. Ludwig and von Mutzenbecher 
(13) have been able to isolate thyroxine from casein iodinated 
in vitro, and their finding has been verified by Harington and 
Rivers (14). Since thyronine has never been isolated from pro- 
teins, diiodotyrosine presents itself as the most likely precursor of 
thyroxine. As Harington and Rivers have pointed out (14), the 
formation of thyroxine from diiodotyrosine is difficult to reconcile 
with our concepts of the chemistry of those compounds. On the 
other hand, von Mutzenbecher has reported (15) that thyroxine is 
formed from diiodotyrosine incubated in 0.1 N sodium hydroxide at 
37° for 14 days, and this finding has been confirmed: by Block (16) 
and by Curlin.* Diiodotyrosine, as such, when fed even in very 
large doses has little or no effect on patients suffering from myx- 
edema (17). 

As mentioned already, the first sign of activity in our iodoalbu- 
min manifests itself at an iodine content slightly above 6 per cent. 
This corresponds to full iodination of the tyrosine to diiodot yrosine, 
assuming that there is not simultaneous iodination of other amino 
acids capable of binding iodine. The next step leading to the 
formation of the active principle could then be explained by 
several possible mechanisms. (1) Further addition of iodine would 
give rise to a side reaction between 2 molecules of diiodotyrosine 
to form thyroxine or some other thyronine derivative. (2) Thy- 
ronine might already be present in the protein molecule, and part 
of the iodine added beyond 6 per cent might enter the thyronine 


*Curlin, L. C., private communication; unpublished data in Ph.D. 


thesis, University of Chicago (1939). 
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nucleus. (3) Some other unknown active material might be 


formed. 
We have not been able thus far to isolate thyroxine from any of 


our active products. Since our most active materials would need 
to contain only from 0.5 to 0.7 mg. of thyroxine iodine per 150 
mg. of total iodine, or about 0.5 per cent of the total iodine as 
thyroxine iodine, in order to give the observed metabolic response, 
this failure may well be due to the experimental difficulty of iso- 
lating such a small quantity. For the large amounts of material 
used in these metabolic experiments it was not feasible to employ 
crystalline albumin. Bonot (18), however, has reported the 
preparation of crystalline iodoalbumin from crystalline serum 
albumin (horse). It is interesting that his crystalline preparation 
contained, per 100 gm. of dry substance, 13.7 gm. of nitrogen and 
approximately 11.3 gm. of iodine. These figures are very close to 
the composition of our crude iodoalbumin at maximal endocrino- 
logical potency. One of us (W. T. 8.) is engaged in preparing from 
erystalline serum albumin by Bonot’s method a series of simi- 
lar crystalline proteins at various stages of iodination. Of course 
the serum albumin fraction is a complex one, and it may be in- 
teresting ultimately to test various subfractions in order to ascer- 
tain whether these behave differently toward iodine. 
SUMMARY 

When serum albumin was iodinated in stages, thyroidal activity 
appeared at 6 per cent iodine and increased up to 10 per cent iodine 
content. The results obtained suggest (1) that diiodotyrosine 
must be formed before metabolic activity appears; and (2) that at 
least one additional iodine atom must be added to the protein 
molecule in order to produce a completely active iodoprotein. 

Further addition of iodine to the albumin molecule apparently 
did not enhance the metabolic activity of the preparation. 


The authors gratefully acknowledge the kind suggestions of 
Professor A. Baird Hastings. 
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Thiamine deficiency in all species thus far studied affects the 
metabolism of pyruvic acid. The lack, until quite recently (1), 
of a rapid specific method for estimating pyruvic acid necessi- 
tated the use of the rapid but less specific technique introduced by 
Clift and Cook (2). Occasionally it has been estimated by iso- 
lation as the 2 ,4-dinitrophenylhydrazone, by the method of Case 
(3) or a modification (4) of that method. 

The Clift and Cook procedure (2) is based on the fact that 
pyruvic acid (as well as other ketones and aldehydes) combines 
with bisulfite. Thompson and Johnson (4) were the first to at- 
tempt to correlate pyruvic acid with the great increase in bisulfite- 
binding substances in the blood of thiamine-deficient rats and 
pigeons. Quantitative measurements in the polyneuritic pigeon 
of pyruvic acid as the 2,4-dinitrophenylhydrazone demonstrated 
that the increase in bisulfite-binding substances was due almost 
entirely to pyruvic acid. Less quantitative estimations of pyruvic 
acid indicated a similar occurrence in thiamine-deficient rats. 
Lu (5) measured pyruvic acid and found increased amounts in the 
blood of thiamine-deficient rats, rabbits, and humans. 

Sherman and Elvehjem (6) detected no rise in the bisulfite- 
binding substances of the blood of thiamine-deficient chicks, but 
they found nearly a 3-fold increase in the case of the cloacal ex- 


* From the thesis presented by Maurice E. Shils to the faculty of the 
School of Hygiene and Public Health, the Johns Hopkins University, in 
partial fulfilment of the requirements for the degree of Doctor of Science 
in Hygiene. 
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creta, the urinary component probably contributing the increased 
bisulfite-binding substances. 

In view of these findings we were led to investigate the pyruvic 
acid and bisulfite-binding substances content of the urine of rats in 
various degrees of thiamine deficiency to determine whether an in- 
crease in these substances might afford a means of estimating 
(a) the degree of deficiency and (b) the effect of various factors 
and substances on the deficient animal. While engaged in this 
study, Banerji and Harris (7) published a paper describing the 
rapid and large increase of bisulfite-binding substances in the urine 
of thiamine-deficient rats and demonstrated that in these animals 
the decrease was proportional to the amount of thiamine admin- 
istered. The work reported here confirms and extends their 
findings;' a preliminary note has appeared (8). 


EXPERIMENTAL 


Urine Collection—Single rats were placed in metabolism cages 
of the type used in this laboratory for mineral balance studies (10). 
Each cage rested on a funnel 11 inches in diameter at the rim. 
Directly below this large funnel was a sealed bulb supported in a 
small funnel by means of short projections. The bulb acted to 
separate the urine from the feces which were deflected into a metal 
cup, while the urine passed into a flask containing toluene. 

The daily urinary output of normal young rats is quite small. 
Thiamine-deficient rats with the characteristic anorexia excrete 
even less. To avoid the loss of a goodly proportion of the urine 
through drying on the sides of the funnels, or the disadvantage of 
having to place several rats in the same metabolism cage and thus 
forfeiting individual data, a relatively large volume of urine was 
secured by incorporating sodium chloride in the diet at high levels. 
This allowed a daily collection of about 15 ml. of urine from a 
single rat eating as little as 3 gm. of diet. Loss of urine was 
relatively small and fairly constant, as shown by creatinine deter- 
minations. A 150 gm. rat fed a diet containing 9.4 per cent of 
sodium chloride may excrete as much as 60 ml. of urine daily. 


1 After the preparation of the manuscript of this paper was completed, 
Harper and Deuel (9) reported on the urinary excretion of pyruvic acid by 
thiamine-deficient rats. They found an increase as the deficiency pro- 
gressed and an effect due to the quantity of food, as reported here. 
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Effect of High Sodium Chloride Intake on Growth of Normal and 
Thiamine-Deficient Rats—Cowgill et al. (11) found that the ad- 
ministration of large amounts of fluid by mouth to dogs on a vita- 
min B,-deficient diet markedly shortened the time required for the 
appearance of the anorexia characteristic of a lack of the vitamin. 
A washing out of the vitamin from the organism through elimina- 
tion of the excess fluid is offered by these authors as a possible ex- 
planation of the results. 

The following experiment was performed to determine whether 
feeding sodium chloride at a high level seriously affects the thi- 
amine requirement, growth, and appearance. Four groups of 
rats, each containing six animals, were fed the following diets. 
Group | received high salt-low thiamine (Diet 1); Group 2 “nor- 
mal’’ salt-low thiamine (Diet 2); Group 3 “normal” salt-adequate 
thiamine (Diet 3); and Group 4 high salt-adequate thiamine 
(Diet 4). Diet 2 was essentially Diet 112 of Arnold and Elvehjem 
(12). It consisted of sucrose 62, casein (acid-washed) 18, factor 
W = 2 gm. of liver concentrate,? autoclaved peanuts® 10, auto- 
claved yeast‘ 4, Salts 515 4, and percomorph oil 2 to 3 drops weekly 
perrat. ‘The other diets were as follows: Diet 1, 10 gm. of sodium 
chloride to 100 gm. of Diet 2; Diet 2-B-300, 300 y of thiamine® 
to 100 gm. of Diet 2; and Diet 1-B-300, 300 vy of thiamine to 110 
gm. of Diet 1. 

The figures for growth of the different groups are given in 
Table I. 

The large amounts of sodium chloride received by Group 1 did 
not result in deficiency symptoms appearing any more quickly 
than in Group 2 receiving a “normal” small amount of the salt. 
There developed on Diet 1 a rather severe but chronic deficiency 
which was satisfactory for the needs of this study. 

There is no significant difference between the weights of Groups 
3 and 4. In both of these groups the animals were apparently 


?The liver concentrate was obtained from The Wilson Laboratories 
through the courtesy of Dr. David Klein. 

‘ The peanuts were autoclaved 10 hours. 

* Northwestern yeast, autoclaved 2} hours. 

® CaCO; 1.5, KCl 1.0, NaCl 0.5, NaHCO; 0.7, MgO 0.2, Fe citrate 0.5, 
KH,PO, 1.7. 

‘The thiamine was furnished by Merck and Company, Inc., through 
the courtesy of Dr. R. Major. 
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healthy. Histological examination of the organs of the animals 
in Group 3 showed dilatation of the kidney tubules with no other 
changes. The same sort of dilatation is seen in kidneys of humans 
with diabetes insipidus where large quantities of water are being 
excreted. The kidneys of animals on the thiamine-deficient diet 
with high sodium chloride content showed no changes, evidently 
because the anorexia common to this group resulted in a very 
small urinary excretion. The results of this experiment permitted 
the conclusion that the use of sodium chloride at a 9.4 per cent 
level in the diet has no vitiating effects. 


TABLE | 


Comparison of Growth of Rats Receiving Normal and High Amounts of Sodium 


y 


Chloride with Optimal and Suboptimal Amounts of Thiamine 


Average weight 


é Pe Average initia | Average weight | “after 10 wis 

5 

L- * Py , , ot. ae 

| gm gm gm. gm gm. gm 

l l. High salt-low  thia- 13 59* RG 
mine 

2 | 2. ‘‘Normal’’ salt-low 1 9 * +4 R9 
thiamine 

3 2-B-300. ‘‘Normal’’ salt- 1) 14 34 11] 19S 15] 
optimum thiamine 

1 1-B-300. High salt-opti bo 14 11s oe) 182 144 


mum thiamine 


* One animal died with polyneuritis in the 6th week 
t One animal died with polyneuritis in the 8th week 


Determination of Bisulfite-Binding Substances—Satisfactory de- 
terminations may be made directly with aliquots of a 24 hour sam- 
ple of rat urine diluted to 200 ml., although better end-points are 
obtained when adsorbing agents are previously employed. Ex- 
periments with adsorbents indicated that the use of Lloyd’s 
reagent alone, the procedure applied to human urine (13), was not 
very satisfactory unless permutit was also used. ‘The bisulfite- 
binding substances decreased after adsorption treatment, indi- 
cating the removal of some of these substances (not pyruvic acid). 
Increased sodium chloride concentration in rat urine has no effect 
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on the determination of bisulfite-binding substances provided the 
proper pH is attained. 

The principle of the method of Clift and Cook is as follows: 
Pyruvie acid in acid solution reacts with bisulfite to form an 
addition compound which decomposes in a more alkaline medium. 
The liberated bisulfite is then measured with a dilute standard 
iodine solution, thus giving the concentration of pyruvic acid and 
other bisulfite-binding substances present. 

We determined bisulfite-binding substances in rat urine as 
follows: 24 hour specimens are diluted to 200 ml. with distilled 
water. To each 25 ml. aliquot taken, 10 ml. of 0.125 N oxalic 
acid are added and then 0.6 ml. of approximately 1 m sodium 
bisulfite solution. After 15 minutes, 1 ml. of 1 per cent starch 
solution is added and the excess bisulfite is removed by adding 
(0.1 N iodine 2 to 3 drops in excess. In 4 to 5 minutes approxi- 
mately 0.01 N sodium thiosulfate solution is used to remove the 
excess iodine; 0.005 N iodine solution is then added to the first 
faint color to remove the excess thiosulfate. 5.5 ml. of a clear 
saturated sodium bicarbonate solution are run in from a burette 
down the sides of the flask. 0.005 N iodine solution is immediately 
added dropwise from a microburette at a constant rate until a 
faint blue color spreads throughout the solution and persists for 
at least 4 to 5 seconds. The amount of standard 0.005 N iodine 
is a measure of the bisulfite-binding substances. 

Numerous determinations showed that in the normal range of 
bisulfite-binding substances (in animals receiving adequate thi- 
amine and with restricted food intake, a procedure adopted regu- 
larly after the first experiment), the difference in triplicate 
determinations seldom exceeded 0.05 ml. (1 drop) of 0.005 Nn 
iodine, a difference of 5 to 10 per cent. As the bisulfite-binding 
substances increased in thiamine-deficiency, the error increased 
slightly, but in 95 per cent of the determinations the differences 
remained within 0.2 ml. of 0.005 N iodine, still less than 10 per 
cent of the total bisulfite-binding substances. 

In experiments in which it is desired to find the bisulfite-binding 
substances in rat urine after treatment with the adsorbents the 
following procedure is used: 125 ml. of the 200 ml. dilution of the 
24 hour specimen are taken and 40 ml. of 0.125 N oxalic acid added. 
The solution is shaken for 4 to 5 minutes with a mixture of 10 gm. 
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of treated Lloyd’s reagent (14) and 5 gm. of permutit, and then 
filtered. To 25 ml. aliquots of this filtrate 0.6 ml. of approxi- 
mately 1 m sodium bisulfite solution is added and the procedure 
continued as described above, with the one difference that only 
4 ml. of sodium bicarbonate solution are added. A small blank 
correction has to be made for bisulfite-binding substances in 
Lloyd’s reagent. 

A few workers (15, 16) stress the importance of cooling pyruvate 
solutions before titrating, although Clift and Cook (2) made no 
mention of this point. Several experiments in duplicate on 
aliquots of rat urine not adsorbed indicated that cooling at 10° 
gave no higher results than when the procedure was carried out at 
room temperature (25°). However, when the temperature reached 
30°, lower values for bisulfite-binding substances were found. 
It is best, therefore, to keep the urine cool until ready for the 
final titration. 

Determination of Pyruvic Acid—Pyruvic acid (Eastman) was 
redistilled in vacuo, and sodium pyruvate prepared as described 
by Peters (17) and kept in crystalline form until needed. Deter- 
minations as bisulfite-binding substance on the pyruvate gave 
82 per cent of the theoretical value. 

The estimation of pyruvic acid in urine was made by a slight 
modification of the method of Lu (1). Toa 25 ml. aliquot of the 
24 hour specimen of rat urine (diluted to 200 ml.) are added 10 
ml. of 10 per cent trichloroacetic acid and the solution is filtered. 
2 ml. of the filtrate are measured into a 15 ml. centrifuge tube and 
2 mi. of the 2,4-dinitrophenylhydrazine solution are added. 
Lu’s method is followed exactly except that 7 ml. of 1 N sodium 
hydroxide are added rather than 4 ml. The red color which 
develops is determined in a Klett-Summerson photoelectric colo- 
rimeter with Filter 54. The amount of pyruvic acid present is 
read from a standard curve constructed by plotting the colorimeter 
readings against various concentrations of pyruvate. We estimate 
the accuracy of this method to be within 5 per cent.’ 

Diets—In Experiment 1 the diets all contained 9.4 per cent of 
sodium chloride. Diet 1, thiamine-low, has been given. Diets 


7 Lu (1) states that the method is fairly specific for pyruvic acid, although 
some other a-keto acids may contribute to some extent, if present, to the 


colorimeter readings. 
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|-B-1, 1-B-2, and 1-B-3 contained 100, 200, and 300 y of thiamine 
respectively, per 110 gm. of Diet 1. In Experiment 2 Diet 1-L 
was used. In this diet the sucrose of Diet 1 was replaced iso- 
ealorically by lard. 


Experiment 1. Bisulfite-Binding Substance and Pyruvic Acid in 
Progressive Thiamine Deficiency 

In this experiment the bisulfite-binding substances were esti- 
mated frequently during the time that the rats were restricted to 
the thiamine-low diet. Each experimental animal was paired with a 
control which received the same amounts of food supplemented 
with thiamine. The bisulfite-binding substances of each pair 
were measured at the same time. In most cases the determina- 
tions were made with and without treatment of the urine with 
the adsorbing agents. In addition, for some days before and 
after thiamine injection (toward the end of the experiment), 
pyruvic acid in the unadsorbed urine was measured as the 2,4- 
dinitrophenylhydrazone. Records of the food intake and weights 
of the animals were kept. 

The results of representative animals are given in Figs. 1 and 2, 
depicting observations on deficient rats, and in Fig. 3, repre- 
senting a control animal. 

The experiment revealed the following. 

In thiamine-deficient animals the bisulfite-binding substances 
and pyruvic acid in the urine increased greatly. The increase 
occurred before any symptoms of the deficiency were manifested. 

As the deficiency progressed, the bisulfite-binding substances 
increased. 

Within 24 hours after the injection of thiamine into the deficient 
animals the bisulfite-binding substances and pyruvic acid re- 
turned to normal. 

There was a definite relation between food intake and bisulfite- 
binding substances and pyruvic acid. This was clearly indicated 
with animals receiving adequate thiamine and restricted to dif- 
ferent amounts of food. Increasing or decreasing the food intake 
caused corresponding changes in bisulfite-binding substances and 
pyruvic acid. However, the changes in bisulfite-binding substances 
caused by varying the food intake were relatively small compared 
to the changes produced by the thiamine deficiency, except when 
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the food intake was very high (note the results on the 17th day, 
Fig. 1). When the deficient animals were given thiamine and ac- 
cess to an abundance of food, their food consumption increased 
greatly. Thiamine administration resulted in a decrease in the 
bisulfite-binding substances as normal carbohydrate metabolism 
was resumed; however, the rise due to increased food intake partly 
masked the decrease caused by the vitamin. This effect is clearly 




















x RIME 
WY 3 4 : € ) 6 373839 
q.5 o.2 
E 
He 3 
a 8 
rir 4 
wT 86 208 3 sow 
65 ; ’S 
¢ 55 At B25 
Ze, L 
Sas 4 
335 5. 
+ : : | $008 
Bs 3S IN AL R«FOO ESTRICT AM 
Fig. 1. Bisulfite-binding substances and pyruvic acid in the urine of a 
thiamine-deficient rat. Bisulfite-binding substances show a progressive 
rise as the deficiency progresses and a decrease on Injection Ol thiamine 
250 7, subcutaneously at the beginning of the 15th day - Chis animal was 
allowed to eat ad libitum after receiving the vitamin ( ompare the levels 


of bisulfite-binding substance and pyruvic acid after thiamine administra- 


tion with those of Rat 2 in Fig. 2, where the food was limited 


seen by comparing Figs. land 2. The animal represented by Fig. 
1 was allowed food ad libitum after receiving thiamine; that by 
Fig. 2 had its food intake restricted to the amount eaten before 
receiving the vitamin; consequently, the effect of the vitamin is 
much more clearly demonstrated. 

These observations prompted the adoption of a procedure 
wherein the food intake of experimental and control animals was 
always restricted to the same small amount when determinations 
were to be made; this eliminated any effect of food intake. 
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When the food restriction procedure was adopted, it was found 
that the total bisulfite-binding substances of unadsorbed and ad- 
sorbed urine in all cases increased greatly in thiamine deficiency, 
in some cases reaching levels 10 times higher than the normal 
controls. 

As Figs. 1 and 2 indicate, the bisulfite-binding substances and 
pyruvic acid both increased greatly in the deficient animals and 
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Fic. 2. Bisulfite-binding substances and pyruvic acid in the urine of a 
thiamine-deficient rat. 250 y of thiamine were injected subcutaneously at 
the beginning of the 30th day. Note the sharp drop in bisulfite-binding 
substances and pyruvic acid. This animal was paired with Rat 6 (Fig. 3) 
which received thiamine throughout and which was limited to the food in- 
take of Rat 2. Note the fluctuation of bisulfite-binding substances and 
pyruvic acid as food intake is varied. There is an increased difference in 
the bisulfite-binding substances of urine which has been treated with adsorb- 


ing agents and that not treated. 


immediately fell to normal values when thiamine was injected. 
The pyruvic acid concentration followed closely any changes in the 
bisulfite-binding level, strongly suggesting that it was the sub- 
stance being measured as bisulfite-binding. This correlation ex- 
tended to fluctuations produced by varying the food intake. 

In an effort to answer the question of how much of the bisulfite- 
binding substance was due to pyruvic acid, the bisulfite-binding 
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substance (usually expressed in this paper as ml. of 0.005 N iodine) 
of the urine that had been adsorbed was calculated as mg. of 
pyruvic acid on the basis that 1 ml. of 0.005 N iodine = 0.22 mg. 
of pyruvic acid. These figures for the bisulfite-binding substance 
“pyruvic acid” were then compared with the values for pyruvie 
acid found by the hydrazone method. Table II shows this com- 
parison. In animals receiving adequate thiamine practically all 
of the bisulfite-binding substance can be accounted for as pyruvate, 
At the higher concentrations found in deficient animals, the values 
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Fia. 3. Bisulfite-binding substances and pyruvic acid in the urine of a 
rat receiving adequate thiamine. 


usually exceeded those of the hydrazone pyruvic acid, but by no 
more than 10 to 20 per cent. The changes occurring with varying 
food intake are paralleled by changes in pyruvic acid. It appears, 
then, that a very great part, if not all, of what is measured as 
bisulfite-binding substances in urine which has been treated with 
adsorbing agents is pyruvic acid. 

Fig. 2 indicates the differences between the bisulfite-binding 
levels determined on urine treated with and without adsorbing 
agents. At low concentrations the differences are quite small; 
as the bisulfite-binding substances increase, so do the differences. 
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As the non-adsorbable pyruvic acid increases, so does some other 
adsorbable substance or substances. Investigation was made of 
some substances which might conceivably account for this increase. 


TaBLe II 

Comparison between Levels of Bisulfite-Binding Substances (B.B.S.) 

(Calculated As Pyruvic Acid) and Pyruvic Acid Determined As 
2, 4-Dinitrophenylhydrazone 























Rat 1 Rat 2 Rat 3 Rat 4 
2 | 3 : 61 3/ | le |.3] 
>. | oe o & > | o@ | > | oe] 
reis2|, g-2 Ps) $2 | |e) S2 
g 25/58 52/2 S| be | S| Ret ba| | ae | be! Be 
Qian iz |diRlia +) A) Oi |e Li Als” |) aia 
Deficient animals 
mg. | mg. | an mg. mg. pad img. mg. ee | mg. ng. | } A 
21 | 7.8 7.0) 89.928 11.9) 10.0 89.1/34 |8.8) 7.0) 79.613 |11.0) 9.3) 84.5 
22 9.1) 7.9 86.929 10.0) 7.3) 73.0:35 6.3) 4.9) 77.8|14*| 4.9) 4.4) 89.9 
23 | 7.6 7.0 92.1/30*| 1.1) 1.4/127.3/38*/1.4) 1.1) 78.7|15*) 4.4) 3.8) 86.6 
24 | 7.6) 7.6100.031* 1.0) 1.1)110.0)39*/1.6) 1.4) 87.7 
25 | 7.0| 6.2) 88.7/32*| 1.2) 1.6/133.3/40*/2.1| 2.0] 95.4 | | 
27*| 4.8) 4.6) 95.9 41*/3.6) 3.1) 86.2 
42*|2.1] 2.0) 95.4 a 
Control animals 
Rat 5 Rat 6 Rat 7 Rat 8 
22 | 1.8) 2.2122.228 | 1.1 1.3/118.2/34 |1.7| 1.4) 82.513 | 2.4| 2.1| 87.6 
23 | 1.4) 1.5:107.1/29 | 0.7) 1.0/143.0/35 |1.7) 1.3) 76.6/14 | 2.2) 2.0) 91.0 
24 | 1.2) 1.5)124.9/30 | 0.7; 0.8)114.2/36 |1.4) 1.0) 71.5)15 | 2.6) 3.5/134.7 
25 | 3.6, 3.5) 97.4/31 | 0.8) 1.1/137.8/38 |0.9) 0.8) 89.9 
26 | 2.9) 2.7; 93.2)32 | 1.0) 1.4/140.0/39 |0.8) 0.7) 87.6) 
27 | 3.1) 3.2/103.2 40 |1.7| 1.3) 76.6 
41 |2.6| 2.2) 84.8] 
42 0.8) 1.1/137.8) | 


* Thiamine administered. 


Urie acid binds small amounts of bisulfite, reduces iodine, and 
is adsorbed on Lloyd’s reagent. Quick (18) found that in humans 
pyruvic acid had a very marked stimulatory effect on the excretion 
of uric acid. Since in thiamine deficiency pyruvic acid concentra- 
tion in the tissues increases, an increased excretion of uric acid 
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or of allantoin might be expected. Investigation disclosed the 
following. (a) Allantoin does not bind bisulfite nor reduce iodine 
and cannot be responsible for the increased bisulfite-binding sub- 
stance of unadsorbed urine.’ (b) There is no significant difference 
in the uric acid excretion of thiamine-deficient and control rats, 
The uric acid was determined by the method of Benedict and 
Hitchcock (19) and was always less than 0.4 mg. in 24 hours, 
(c) Creatine, which does not bind bisulfite, was increased in 
thiamine-deficient animals. However, the increase is not directly 
attributed to the deficiency, but rather can be accounted for by 
the degree of starvation induced by the characteristic anorexia. 


Experiment 2. Effect of Fat on Bisulfite-Binding Substances of 
Normal and Thiamine-Deficient Rats 


The “sparing action” of fat on thiamine is well known (20-22). 
Stirn, Arnold, and Elvehjem (22) found that the isocaloric sub- 
stitution of fat for sucrose allowed polyneuritic rats to grow as 
well as those given thiamine. It was of interest, therefore, to 
find the effect of fat on the bisulfite-binding level. 

Rats were made thiamine-deficient by being fed Diet 1. Lard 
was then substituted isocalorically for sucrose in a diet (No. 1-L) 
fed to the deficient rats as weil as to those receiving thiamine. 
The lard content of Diet 1-L was 36.6 per cent. The carbo- 
hydrate content was very low. 

The animals were given the same limited amount of food on 
the day of urine collection and on the preceding day unless other- 
wise stated. 2 and 2.67 gm. of Diet 1-L have the same calorie 
value as 3.00 and 4.00 gm., respectively, of Diet 1. The urine 
was not treated with adsorbents. 

The bisulfite-binding substances of five control animals receiving 
adequate thiamine (first on the high sugar, then on high fat diets) 
remained within the normal range (below 8 ml. of 0.005 N iodine 
per 24 hour urine sample). All of the five deficient animals showed 
very high bisulfite-binding values (25 to 44 ml. of 0.005 N iodine) 
on the high sucrose, thiamine-deficient diet. All showed some 
decrease with the feeding of the high fat diet, but the level re- 
mained definitely elevated in four of the five until thiamine was 

’ Harper and Deuel (9) state, in an objection to the use of the procedure 


for bisulfite-binding substances, that allantoin binds bisulfite. We do not 
find this so by our procedure. 
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given 2 to 3 weeks later. The fifth rat of the deficient group 
(Rat 26) showed a return to normal values within 2 weeks without 
thiamine. Sex did not seem to influence the results. 

The change from a high carbohydrate to a high fat diet stopped 
the weight loss in the deficient animals and allowed them to gain 
in weight and improve in appearance. 

The bisulfite-binding values for a normal control animal and for 
two of the deficient rats are given in Table III. Rat 41 is repre- 


Tas_e III 
Effect of Fat on Bisulfite-Binding Substances (B.B.S.) of Normal and 
Thiamine-Deficient Rats 
Bisulfite-binding substances expressed as ml. of 0.005 N iodine per 24 
hour urine sample. 


Rat 45, 7 Rat 41, 7 Rat 26, 7 


1 =I . 6 | . 
> Diet No. ey - > Diet No. oy m3 > Diet No. oy “ 
A 2 ig/A a"|aia i< | 

gm gm | gm. | 
1 | 1-B-3 1.0/4.7; 1/1 1.0 144.0) 1] 1 | 4.0|37.7 
2| 1-L + B, [2.67] 3.7) 2) 1-1 2.67/29.4, 2/1 | 4.0/37.0 
3| 1-L + B, |2.67| 4.5} 3 | 1-1 2.67|/30.6| 3 | 1-] | 2.0/25.3 
g | 1-L + B, |2.67| 5.2) 8 | 1-1 2.67/32.1| 8 | 1-L | 2.0) 9.7 
14| 1-L + B, |2.67| 7.9] 14 | 1-1 2.67/30.8| 9 | 1-L 2.01 9.4 
15 | 1-L + B, |2.67| 7.8] 15 | 1-] 2.67/25.1) 16 | 1-L 2.0) 5.8 
16 | 1-L + 2.67| 4.71 16 | 1-L + = |2.67| 5.0) 17 | 1-L + 2.0! 2.5 

250 y But 250 y Byt 200 y Byt 
17 | 1-L + 2.67| 4.4, 17 | 1-L + [2.67] 4.2 | 
250 y Bit 100 y Byt 


* The amount of food indicated is the amount allowed on the day in the 
metabolism cage and the day preceding. On other days the animals were 


allowed to eat ad libitum. 
+t Thiamine was injected subcutaneously at the beginning of the 24 hours 


in the metabolism cage. 

sentative of the four deficient animals which showed continued 
high bisulfite-binding substances on the high fat diet. Rat 26 
is the animal showing a return to high normal without thiamine. 


DISCUSSION 
The results presented here, together with those of Banerji 
and Harris (7), seem to leave no doubt that the level of bisulfite- 
binding substances and pyruvic acid in the urine of rats is a sensi- 
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tive indicator of the state of thiamine nutrition. The increased 
concentration of the specific metabolite accumulating as a result 
of the specific biochemical lesion may well be taken as a criterion 
of the deficiency. 

The effect of the quantity of food ingested on the amount of 
bisulfite-binding substances and pyruvic acid excreted possibly 
can be related to the degree of carbohydrate storage and utiliza- 
tion, although direct evidence for this view is lacking. We have 
found that with a deficient animal showing a high excretion of 
bisulfite-binding substances there will be a reduction when food 
is withheld or continued at the same low level for several days. 
Increasing the food allowance to a partially fasted normal rat 
results in an increase in bisulfite-binding substance and _ py- 
ruvie acid. 

The last fact would make it appear that the kidney threshold 
for pyruvic acid is low. This is borne out by the presence of 
pyruvic acid in the urine of rats receiving adequate thiamine and 
only limited amounts of food. Because of the low threshold, 
any accumulation of pyruvic acid through thiamine deficiency in 
the body will immediately manifest itself by increased urinary 
excretion. 

On the basis of this view it would be expected that the feeding 
of any substance that increases the amount of pyruvic acid formed 
would result in its increased excretion by deficient or normal 
animals. This is supported by the results of Banerji and Harris 
(7) who fed lactate to normal and thiamine-deficient rats. There 
were not only large increases in excretion of bisulfite-binding sub- 
stances from the deficient animals but also a small increase in the 
animals receiving optimum amounts of the vitamin. Only a small 
increase would be expected in normal animals, since they metab- 
olize pyruvic acid very quickly (23). 

The relationship between bisulfite-binding substances and pyruvic 
acid in both blood and urine seems rather clear in thiamine de- 
ficiency in rats and pigeons. Most, if not all, of the bisulfite- 
binding substances can be accounted for as pyruvic acid. 
However, in human deficiency the relationship is not so clear. 
Wilkins et al. (24) found a much greater increase in blood bisulfite- 
binding substance than can be accounted for by the rise in pyruvic 
acid. Furthermore, Platt and Lu (25) frequently found that blood 
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pyruvic acid could be restored to normal levels by thiamine ad- 
ministration, while at the same time there was only a slight reduc- 
tion in the amount of bisulfite-binding substances. Possibly the 
experimental procedures were at fault, or other deficiencies entered 
into the picture, or else the human reacts differently from the 
other species studied. 

The effect of fat in improving the physical condition of the 
deficient rats was as expected from previous work. It would seem 
reasonable to expect a concomitant quick return to normal of the 
urinary bisulfite-binding substance when the animals no longer 
had to metabolize dietary carbohydrate. However, after 2 to 3 
weeks on the high fat diet the bisulfite-binding substances were 
still highly elevated in four of the five deficient animals, although 
the levels were less than on the high carbohydrate diet. There 
are certain possible explanations. (a) The small intake of car- 
bohydrate (about 0.12 gm. per rat per day) on Diet 1-L together 
with that derived from protein may be enough to cause accumula- 
tion of bisulfite-binding substance as long as the animal is de- 
ficient, even though it gains in weight. (6) When large amounts 
of fat are being metabolized in the absence of thiamine, inter- 
mediary bisulfite-binding products are formed. 

The fact that one animal had a return to normal of the bisulfite- 
binding substances may be an indication that given sufficient time 
all animals would have behaved similarly. 

Banerji (26) has shown that feeding a high fat-thiamine-low 
diet to rats does not result in increased excretion of bisulfite- 
binding substances as does a high sucrose-thiamine-low diet. In 
his experiments, since the animals were transferred from a ration 
with adequate thiamine to the high fat-low thiamine diet, they 
had a store of the vitamin in their tissues to begin with. In this 
important respect, therefore, the experiment differs from that 
reported here. It would be of great interest to know the thiamine 
content of rats at the end of an experiment such as that described 
by Banerji. It may be that the animal retains enough of the 
vitamin to allow normal excretion of bisulfite-binding substances 
since very little seems to be required on a high fat diet. 

We have confirmed the fact that under the conditions described 
for determining bisulfite-binding substance acetone is not meas- 
ured. Acetoacetic acid, however, is reported (2) to bind bisulfite 
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under similar conditions, although not quantitatively. Despite 
the long period on the high fat diet, the control animals receiving 
thiamine showed no elevated bisulfite-binding substance, thus 
eliminating the possibility that the increase in the deficient animals 
is caused by a ketosis due to the high fat-low carbohydrate diet 
alone. The quick response to thiamine indicates that the vitamin 
deficiency was responsible for the elevated values. 

The results reported here together with those of Banerji and 
Harris (7) invite further investigation on the possibilities for assay 
procedure based on urinary levels of bisulfite-binding substance 
or pyruvic acid. In a future paper we will report on the behavior 
of bisulfite-binding substances in the urine of rats receiving various 


levels of the vitamin. 


SUMMARY 

1. Procedures are given for the determination of bisulfite- 
binding substances in the urine of rats. 

2. A rapid increase in bisulfite-binding substances occurs in the 
urine of rats on a thiamine-low diet, the rise being proportional to 
the degree of deficiency and occurring before any other symptoms 
associated with the deficiency. Administration of thiamine brings 
the level of bisulfite-binding substances to normal within 24 hours. 

3. The level of pyruvic acid accounts quite closely for the sub- 
stance (or substances) measured as bisulfite-binding. 

4. The amount of food intake has a marked influence on bi- 
sulfite-binding substances and pyruvic acid concentration in urine. 

5. The isocaloric substitution of fat for sucrose in the diet fed 
to thiamine-deficient rats results in improved growth, but only in 
a partial return to normal in urinary bisulfite-binding substances. 
In four of five deficient animals the bisulfite-binding substances 
still remained abnormally high until thiamine was given. 
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The placentae of various mammals have been classified by 
Grosser (1) into four groups. Differentiation among these groups 
is based upon the nature and number of tissue layers placed 
between the maternal and fetal circulations. It is the purpose 
of the present series of investigations to study the passage of 
substances across these different kinds of placentae throughout the 
gestation period and to correlate the findings with the morphology 
of the placenta. Observations with radioactive sodium have 
demonstrated that the use of isotopes provides the direct and 
relatively simple approach demanded by the problem. 

The results on the placenta of the guinea pig, in which maternal 
blood is separated from fetal by only two tissue layers (chorionic 
epithelium and endothelium of fetal blood vessels; hemochorial 
type of placenta) have already been presented (2). The present 
study has to do with measurement of the rate of transfer of radio- 
active sodium across the placenta of the cat, in which the maternal 
and fetal circulations are separated by four layers (endothelium of 
maternal blood vessels, chorionic epithelium, chorionic mesen- 
chyme, and endothelium of fetal blood vessels; endotheliochorial 
type of placenta). 

EXPERIMENTAL 
Procedure 

Twelve pregnant cats, which yielded forty fetuses, were used 

for the experiments. The pregnant animals were lightly etherized 


* Aided by a grant from the Rockefeller Foundation Fluid Research 
Fund of the School of Medicine, the Johns Hopkins University. 
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and about 3 ec. of an isotonic solution, containing Na™, were 
injected into a foreleg vein. Anesthesia was immediately dis- 
continued after the injection. After a time interval fixed by the 
purpose of the experiment, the animal was again etherized, the 
fetuses delivered by cesarean section, and a sample of heart 
blood taken from the mother. The placentae were separated 
and weighed after removal of excess blood. The fetuses were 
weighed and then ashed at red heat with sulfuric acid. Measure- 
ments of the radioactivities of the fetal ash and maternal plasma 
were made with the pressure ionization chamber-string elec- 
trometer circuit previously described (2). The measured radio- 
activity was corrected for background, absorption by the sample, 
and radioactive decay in the manner already given (2). 

The samples of Na™ were prepared with the high voltage genera- 
tor of the Department of Terrestrial Magnetism, Carnegie Institu- 
tion of Washington (3). The samples were not used for at least 
24 hours after preparation to allow time for the disappearance of 
any Cl*. 

The amount of Na™ chosen for injection was such that samples 
taken from the animal would exceed a lower limit set by the 
precision of the measuring apparatus and would be within an upper 
limit fixed by the tolerance of the animal to radioactive material; 
i.e., less than about 1 microcurie (3.7 X 10* 8-rays per second) 
per cc. of animal (4-6). With the pressure ionization chamber- 
string electrometer, the precision of electrical measurements and 
convenience from point of view of the time necessary for a measure- 
ment required a sample strength of not less than 100 8-rays per 
second (2) for an over-all precision of 4 per cent in the method. 
The amounts of Na*™ injected were chosen to meet this require- 
ment; they were always far below the upper limit of 1 microcurie 
per cc. 

To obtain an adequate sample strength, the amount of Na*™ 
taken for injection ean be calculated from the relationship, total 
Na*™ injected the desired amount in the sample + the dilution 
factor. In the present experiments, since measurements of plasma 
samples and fetuses were made, it was necessary to refer to both 
of these to determine the minimal quantity of Na*™ for an ex- 
periment. 

Na™, injected intravenously, quickly comes to equilibrium 
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with the extracellular fluids. It is finally distributed equally 
throughout a volume approximately 25 per cent of the body 
volume (2, 7, 8). Its equilibrium concentration in the plasma is 
therefore 4 times that in the body. Plasma samples of 2 gm. 
were taken for measurement. The dilution factor in this instance 
is 4 times the weight of the plasma sample (about 2 gm.) + the 
total weight of the animal. To obtain a plasma concentration of 
Na* yielding 100 6-rays per second in a 2 gm. sample and in a cat 
weighing 5000 gm., the amount of Na* injected would be (5000 
gm. + 2gm. X 4) X 100 #-rays per second = 63,000 B-rays per 
second. 

In the fetus at equilibrium with the mother in regard to Na, 
the dilution factor is approximately the ratio of the fetal to the 
maternal weight (the concentration factor introduced by the 
difference in extracellular fluid volumes being neglected). In rate 
measurements on the fetus, the fetal Na** concentration is usually 
about one-twelfth of the equilibrium concentration and the 
dilution factor is one-twelfth of the ratio of the weight of the fetus 
to the weight of the mother. The amount of Na™ taken for 
injection (about 3 microcuries) exceeded the quantity calculated 
from the dilution factor by 25 to 50 per cent. This compensated 
for the reduction of radioactivity due to absorption of 6-rays by 
the plasma or fetal ash (2). With fetuses of low weight, several 
members of a litter were pooled into a single sample in order to 
conserve Na*, 

Before an experiment, the size of the fetuses was estimated by 
palpation and, when necessary, by lateral x-ray photographs; 
calculation of the probable weight was made from the crown-rump 
length, with Coronios’ data (9). 

Units—The activity of the radioactive material is expressed in 
terms of 6-particles per second. A sample of 100 8-rays per 
second is one that gives a deflection rate equivalent to a 8-ray 
point source emitting 100 8-rays per second in all directions and 
situated at the standard measuring position in our apparatus. 
| microcurie is about 37,000 6-rays per second in these units. 

All quantities and concentrations of Na* found in the fetus 
have been corrected to unit concentration in the corresponding 
maternal plasma. The term “corrected” placed after a value for 
Na™ found in the fetus means, therefore, that the measured 
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value in the fetus has been divided by the measured value per ee, 
of maternal plasma; 7.e., values in the fetus have been corrected 
to a concentration of one §-ray per second per cc. of maternal 
plasma. 


Results 


Establishment of Equilibrium between Maternal Plasma and 
Fetus—In order to plan experiments to determine the rate of 
transfer of Na™ across the placenta, it is necessary to know the 
shape of the curve describing the establishment of equilibrium 
between the maternal plasma and fetus. In these experiments 
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Fic. 1. Rate of equilibration of Na* in fetus with Na™ in maternal 
plasma. All fetuses weighed 95 gm. or more. The concentration of Na™ 
per gm. of fetus has been corrected to a concentration of one §8-ray per cc. 
of maternal plasma as explained above in the section on ‘‘Units.”’ 

Fic. 2. Variation of placental weight with change of fetal weight. 


with the cat, unlike those with the guinea pig (2), no apparent 
error was introduced by delivering the several members of a litter 
at different time intervals after the injection of Na*™ into the 
maternal circulation. 

The data of Fig. 1 indicate that fetuses of 95 gm. or greater 
come to within 10 per cent of a limiting equilibrium value with 
respect to Na™ in the maternal plasma only after 12 to 18 hours. 
This is to be contrasted with the extracellular fluid which comes to 
within 10 per cent of equilibrium with the plasma in about 4 
minutes (2, 10). The concentration of Na™ in the fetus appears 
to increase linearly for at least 5 hours after intravenous injection 
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into the mother. Measurement of the increase in concentration 
of Na* up to this time consequently forms a reliable criterion of 
the rate of transfer of Na*™ across the placenta. In view of these 
findings, the routine procedure for determination of placental 
transfer rates has been to remove fetuses 1 hour after the injection 
of Na™. 

It is to be noted in Table I that the equilibrium concentration of 
Na” is greater in small than in large fetuses (2). 

Rates of Placental Transfer—The experiments have been planned 
to measure the rates of placental transfer at different parts of the 


TABLE | 
Data Necessary for Calculation of Safety Factor, Rate of Na Transfer to 
Fetus, and Rate of Na Accretion by Growing Fetus 











Na* trans- Equilibrium : Total Na 
Fetal ferred per Daily concentra- a. retained in 
gm. fetus weight tion of Na™ |Safety factor mn ~ . hourly 
weight per hr. increase per gm. fetus Pp ieleom growth of 
(corrected) * (corrected) * “ fetus 
(1) (2) (3) (4) (5) (6) (7) 
gm. per cent } mg. mg. 
130 0.031 | 5.1 | 0.37 39 «=| 13.5 0.34 
40 0.052 | 10.5 0.50 24 6.9 0.29 
10 0.081 | 17.5 (0.55) | 20 wm S: 0.13 
l 0.11 25 | (0.6) 18 0.36 0.021 
0.15 0.17 (0.6) 0.08 





The Na concentration in the maternal plasma has been assumed to be 
3.3 mg. per cc. for the calculation of Columns6and7. Extrapolated values 
are in parentheses. Underlined figures are uncertain. 

* The term “‘corrected”’ is explained in the text in the section on ‘‘Units.”’ 


gestation period. In all experiments, the placentae, following 
removal of excess blood, and fetuses have been weighed, and 
measurement has been made of the concentration of Na™ in the 
maternal plasma and of the total quantity of Na™ in the fetus 
(each sample was taken at a known interval, about 1 hour after 
intravenous injection into the mother). Such measurements 
can be expressed in terms of total transfer to a fetus per unit of 
time, of transfer rate per unit weight of fetus, or of transfer rate 
per unit weight of placenta. The data necessary for deriving 
these relations are presented graphically. Fig. 2 gives the data 
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on changes in placental weight with fetal weight (fetal weight can 
be translated into gestation age by reference to Fig. 4). The 
peak in the placental weight-fetal weight curve in the earlier 
stages of pregnancy appears to have its counterpart in the sheep 
(11). The change in total hourly transfer of Na™ to the fetus with 
change of fetal size is presented in Fig. 3. 

The data of Figs. 2 and 3 have been used to construct the 
curves of Figs. 4 and 5. In Fig. 4 are shown the changes in rate 
of transfer across a unit weight of placenta throughout as much of 
intrauterine life as it has been feasible to investigate. As is clear 
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Fig. 3 Fig. 4 
Fic. 3. Variation of total hourly transfer of Na*‘ to fetus with change 
of fetal weight. 
Fic. 4. The gestation age has been estimated from the fetal weight by 
reference to the data of Coronios (9). The weight of the smallest fetus 
on the graph was 0.15 gm., corresponding to a gestation age of 15 to 20 days; 


the transfer rate per gm. of its placenta was 0.004 unit. 


from the curve, the transfer rate per unit weight of placenta makes 
a striking over-all increase with age. Thus at 15 to 20 days the 
transfer rate is about 0.004 unit per gm. of placenta, while at 
57 days it is 0.24 unit. Transfer of Na™ across a unit weight of 
the 57 day placenta is consequently about 60 times as rapid as 
across a unit weight of the 15 to 20 day placenta. Avs is clear from 
the curve, the findings indicate a decrease in transfer rate per unit 
weight of placenta from about the 55th day to term. 

Fig. 5 gives the rate at which Na* is supplied from the maternal 
plasma to each gm. of fetus as this rate varies with fetal weight. 
This rate is high in the early fetus and falls with increase of gesta- 





H. A. Pohl and L. B. Flexner 169 


tion age. For example, the ratios of rates of transfer for gestation 
ages of 15 to 20 days, 40 days, and 60 days are 5.5:2.3:1. The 
high rate in the early fetus, in spite of a low transfer rate per gm. of 
placenta, is accounted for by the relatively large ratio of placental 
to fetal weight. Fig. 5 also shows the daily per cent weight 
increase of the fetus during that part of pregnancy under con- 
sideration. ‘This has been calculated (2) from the data of Coronios 
(9). It is apparent from Fig. 5 that the transfer rate and growth 
rate curves run parallel. 

Rate of Na Supply Compared to Fetal Need—It is possible to 
calculate, with knowledge of the transfer rate of Na™, of the 
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Fic. 5. Comparison of curve of daily per cent weight increase and curve 
of transfer rate of Na** per gm. of fetus during the gestation period. 


concentration of Na*™ in the fetus when at equilibrium with unit 
Na™ concentration in the maternal plasma, and of the growth rate, 
by what factor the Na supply to the fetus exceeds the demands of 
growth. This factor has been termed the safety factor (2). It 
has been shown that the safety factor = the transfer of Na™ per 
gm. of fetus per hour (corrected) X 24 X 100 + the equilibrium 
concentration of Na™ per gm. of fetus (corrected) X daily per 
cent increase in weight. 

If a reasonable value for the concentration of Na in the maternal 
plasma is taken, the rates of Na transfer to the fetus and incor- 
poration of Na by the fetus may be directly calculated. Expres- 
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sions for these rates have previously been derived (2). The rate 
at which Na is supplied to the fetus is total Na™ transfer per hour 
(corrected) XK Nam.p., where Nam.». represents the concentration 
of Nain the maternal plasma. The hourly accretion of Na by the 
growing fetus is equilibrium concentration of Na™ per gm. of 
fetus (corrected) K Nam». X fetal weight X daily per cent 
increase in weight + 24 X 100. 

The sodium safety factor, amount of Na transferred per hour, 
and the amount retained in hourly growth are given in Table I 
for fetuses of several sizes. It is apparent that the safety factor 
increases with increase of fetal age. 


DISCUSSION 


The placenta of the cat is adapted by changes in its weight and 
in transfer rate per unit weight to the requirements of the fetus 
during the gestation period. The more important of these two 
changes is in the unit transfer rate. From approximately the 
17th day until term, the weight of the placenta increases 5 times, 
whereas the maximum change in unit transfer rate of Na*™* over 
the same period is of the order of 60 times. 

Placental weight and unit transfer rate change in such a way 
that the curve describing the transfer of Na* per unit weight of 
fetus, during that part of pregnancy studied, parallels the growth 
curve of the fetus. This is a phenomenon already noted in the 
guinea pig (2) and it strengthens the tentative hypothesis that 
the fundamental principle underlying placental transfer to a unit 
weight of fetus is that it shall parallel the growth rate of the fetus. 

The several factors which may alter the transfer rate across the 
placenta have already been discussed (2). It has been pointed 
out that from the point of view of circulatory changes, the only 
suggestive evidence to account for the increase in unit transfer 
rate which occurs with increase of gestation age has come from 
studies on the sheep (11). In the sheep it has been found that the 
rate of blood flow through the fetal vessels of the placenta about 
doubles during the last half of pregnancy. 

Histological changes, observed in the placenta with progress of 
gestation, appear, however, to be of clearer meaning. The 
placenta of the cat, in the classification of Grosser (1), is of the 
endotheliochorial type; i.e., endothelium of maternal blood vessels, 
chorionic epithelium, and connective tissue, and endothelium of 
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fetal blood vessels are interposed between the two circulations. 
Aging of the placenta is accompanied by changes in the chorionic 
epithelium. This epithelium consists, in early forms, of two 
distinct layers, the outer of which is syncytial (nuclei are present 
but cell boundaries cannot be seen). As pregnancy advances, the 
inner epithelial cells progressively diminish in height and then 
become discontinuous, so that in many places the chorionic 
epithelium consists of but a single layer, the syncytium. The 
increase in transfer rate per unit weight of placenta can con- 
sequently be correlated with the thinning of the chorionic epi- 


TABLE II 


Comparison of Placentae of Cat and Guinea Pig 























Average fetal : -* : Na™ transferred | Ratio 
lage for indicated — tal Sven per gm. placenta t of Ratio 
| period . . & per hr. rans- | of pla- 
Period of | fer rate cental 
gestation, ; j . ’ per 8M. weights 
tenths of _ Get pla- | eat to” 
tots | = sUl- 7Ul- = centa, : 
; Cat |SUMe2! Cat nea| Cat nea Cat | Guines guinea | Suinea 
pis | pig | pig Pw | pigto| Ps 
| | cat 
days days gm. gm. gm. | gm. units units 
0.3-0.4 ‘| 21.7| 23.8) 0.3] 1] 7 1 0.004 | 0.18 | 43 7 
0.4-0.5 | 27.9 | 30.6 2 2/11 1.4/0.01 | 0.3%) 30 | 8 
0.5-0.6 | 34.1 | 37.4 6 7 | 14 2.2 | 0.024 0.85 | 36 6 
0.6-0.7 | 40.3 | 44.2 18 17 | 17 2.7 | 0.072 1.4 | 20 6 
0.7-0.8 | 46.5 | 51 42 34 | 13.5 | 3.1 | 0.15 |0.70| 4.7) 4 
0.8-0.9 | 52.7| 57.8| 73 | 64/13 |3.7| 0.23 |1.85| 8 | 3.5 
0.9-1.0 | 58.9 | 64.6) 110 | 94) 15.5) 4.7/0.21 | 1.85] 9 | 3.3 


thelium which accompanies advance of pregnancy. This is 
suggestive evidence that changes in placental transfer rates are in 
considerable part due to changes in placental permeability. 

The placenta of the guinea pig has previously been studied (2) 
with radioactive sodium in the same way as that of the cat. The 
gestation periods of the cat and guinea pig are of about the same 
duration (about 62 days for the cat and 68 days for the guinea pig). 
Moreover the growth rates of cat and guinea pig fetuses are not 
dissimilar and in Table II it can be seen that the two kinds of 
fetuses when of comparable age are of about the same weight. 
Hence it is possible to compare the two types of placentae at 
almost equivalent parts of pregnancy. 

The guinea pig placenta, unlike that of the cat with its four 
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tissue layers, has only chorionic epithelium and endothelium of 
fetal blood vessels placed between the fetal and maternal blood, 
and in late stages the chorionic epithelium disappears. All other 
factors being more or less the same, it might be anticipated that 
the rates of transfer across unit weights of these two types of 
placentae would be correlated with their structural differences, 
This appears to be true. At all stages of gestation a unit weight 
. of guinea pig placenta has a transfer rate many times that of 
the cat (Table Il). Thus in the third tenth of pregnancy, transfer 
of Na*™ across a unit weight of the guinea pig placenta is 43 times 
as rapid as across a unit weight of the cat placenta; this factor 
diminishes with the duration of gestation and reaches a value of 
about 9 in the last tenth of the gestation period. It is therefore 
clear that in these two types of placentae, large differences in unit 
transfer rate can be correlated with known histological differences, 

It is evident from Table II that the “late” cat placenta has a unit 
transfer rate of the same magnitude as the “early’’ guinea pig pla- 
centa. This finding also appears to have a histological basis. A 
single layer of chorionic epithelium is present in the guinea pig 
placenta of fairly early stages; this later thins and probably 
disappears. The early cat placenta has two layers of chorionic 
epithelium, whereas in late stages there is only a single layer. 
From the point of view of chorionic epithelium, the early guine: 
pig and late cat placentae are therefore similar and this similarity 
appears to be reflected in the unit transfer rates. 

The relatively low transfer rate per unit weight of placenta in the 
cat is compensated for by a relatively heavy placenta. ‘Thus the 
weight of the cat placenta in early stages is 7 times, and in later 
stages over 3 times that of the guinea pig placenta (Table IJ). 
The compensation through increased mass of the placenta is, 
however, not complete. This is apparent from the total transfer 
rate of Na to the fetus which on the average is twice as high in the 
guinea pig as in the cat (Table I). In turn, the safety factor 
(ratio of Na retained by the fetus in growth to Na supplied the 
fetus) has an average value of about 25 in the cat (Table I) whereas 


the average in the guinea pig is 50. 


We are much indebted to Dean B. Cowie of the National 
Cancer Institute for making the sodium bombardments with the 
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Carnegie generator. 





H. A. Pohl and L. B. Flexner 173 


SUMMARY 


1. The cat fetus comes to within 10 per cent of equilibrium with 
Na™ in the maternal plasma only after 12 to 18 hours. This is 
in striking contrast to the maternal extracellular fluid which 
comes to within 10 per cent of equilibrium with intravenously 
injected Na* in about 4 minutes. 

2. Changes in the rate of placental transfer per unit weight of 
placenta have been measured with Na™ from a gestation age of 
15 to 20 days until term. The unit transfer rate of Na™ increases 
60 times during this period. 

3. The shape of the relative growth curve of the cat fetus is 
similar to that of the curve describing the change of rate of transfer 
of Na™ to a unit weight of fetus at different periods of pregnancy. 

1. The fetus receives across the placenta an average of about 
25 times as much Na as is incorporated in the growing tissues. 

5. Differences in unit transfer rate across the cat and guinea 
pig placentae at comparable stages of pregnancy are analyzed on 
the basis of the known histological differences of the two types of 
placentae. It is shown that differences in transfer rate can be 
correlated with the histological differences. 
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The present investigation was undertaken to explore the be- 
havior of insulin by the Tiselius moving boundary electrophoretic 
technique. We wished in particular to ascertain whether or not 
crystalline insulin exhibits the single sharp boundary which might 
be expected of a homogeneous protein. It was recognized, of 
course, that such a boundary would not in itself establish un- 
equivocally the uniformity of the substance. 

We were also interested in comparing zinc-free insulin with zine 
insulin and in making comparisons between insulin preparations of 
varying activity. 

By studying the behavior over an extended pH range we hoped 
to obtain evidence to show whether the changes revealed by the 
ultracentrifuge at the limits of the pH-stability region proposed by 
Sjégren and Svedberg (1) are accompanied by corresponding 
changes in the electrophoretic properties. 

Such an investigation as we proposed to make had also within 
it the possibility of an additional independent examination of the 
isoelectric point. 

Previous electrophoretic studies of insulin have been reported 
by Howitt and Prideaux (2) and by Wintersteiner and Abramson 
(3). The method employed in the work of Howitt and Prideaux 
was based on the direct measurement of the electric mobility of a 
gold sol coated with an adsorbed film of protein. They arrived 
at an isoelectric point of 5.4 for the insulin. 

* The insulin used in the present investigation was kindly supplied by 
Eli Lilly and Company. The author takes this opportunity to express his 


sincere appreciation for this material. 
t Eli Lilly and Company Research Fellow. 
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Wintersteiner and Abramson made mobility measurements of 
microscopically visible quartz particles coated with insulin and 
made a corresponding study of particles of amorphous insulin and 
suspended insulin crystals. They state that the point of zero 
mobility for amorphous insulin on quartz lies between pH 5.3 and 
5.35. For the suspended insulin crystals they conclude that the 
point of zero mobility is definitely lower, about pH 5.0. 


Methods and Materials 


The new type of Tiselius moving boundary electrophoresis 
apparatus was used for all of the experiments reported here. The 
procedure was as specified by Tiselius (4) with electrodes and 
electrode vessels as suggested by Longsworth and MacInnes (5). 
The temperature of the thermostat was always 0.2°. The 
position and form of the boundaries were determined by visual 
observation of the camera image on a ground glass plate, and by 
the photographic schlieren scanning system of Longsworth (6). 

The mobilities were calculated by means of the formula 


AZ qk 
u= = 
At 1 


where Az is the distance moved by the descending boundary in 
time At, q is the cross-sectional area of the U-tube, « is the con- 
ductance of the protein solution, and 7 is the current. The initial 
boundaries were moved out to a position where they could be 
clearly seen, and a photograph of the schlieren band was taken. 
At appropriate intervals during the experiment, a record of the 
refractive index gradient with reference to the cell position was 
made by the photographic schlieren scanning system of Longsworth 
(6). The distance, Ar, was taken as the distance from the center 
of the initial schlieren band to the ordinate which divides the area 
under this refractive index versus distance curve into equal parts. 
Longsworth and MacInnes (7) show that this method of calculation 
leads to an essentially correct value for the mobility. 

Insulin Preparations Studied—The following insulin preparations 
were used in the present investigation: (a) Lilly’s crystalline 
insulin preparations, T-1072 and T-1115 (24 units per mg.); 
(6) Lilly’s amorphous insulin, iletin W-1002 (21 to 22 units per 
ing.); (c) insulin crystallized from iletin W-1002 by Scott’s pro- 
cedure (8); (d) insulin recrystallized from this crystalline insulin 
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and from the Lilly crystals, T-1072 and T-1115, according to the 
acetic acid-pyridine-ammonia method as described by du Vigneaud, 
Miller, and Rodden (9); (e) electrodialyzed insulin which was 
made by electrodialysis of either crystalline or recrystallized 
insulin in 0.001 N HCl until zine-free. This acid solution was 
further electrodialyzed with distilled water until the solution 
showed a trace of turbidity. It was then frozen and the insulin 
dried in vacuo; (f) a solution supplied by Mr. Walden of 
Eli Lilly and Company, “amorphous precipitate from Zn insulin 
crystals, C-35.” This solution had an activity of 16 units per 
mg. of solids. 

Preparation of Solutions—The electrophoresis experiments were 
carried out between pH 3.3 and 4.2 and between pH 6.8 and 9.6. 
It was impossible to use the moving boundary method in the 
intermediate range owing to the insolubility of the insulin at these 
pH values. For the lower range, acetate and citrate-phosphate 
buffers were used, while above pH 7, phosphate, phosphate-borate, 
and borate-carbonate buffers were used. 

The insulin solutions were ordinarily prepared for electrophoresis 
by dialysis to equilibrium with the buffer to be used in the experi- 
ment. However, the electrodialyzed and dried insulin prepara- 
tions contain only a very slight amount of electrolyte and since 
conductance and pH determinations showed only negligible differ- 
ences between dialyzed and undialyzed solutions of this material, 
it was frequently used for electrophoresis without preliminary 
dialysis. 

Results 

Homogeneity of Insulin Preparations in Acid Solutions—In the 
electrophoresis experiments carried out on the acid side of the 
isoelectric point, insulin gives, in each case, a single boundary 
which has the appearance and migration behavior expected of a 
homogeneous protein. Fig. 1 gives the refractive index gradient 
versus distance curve for an experiment with crystalline insulin. 
All of the other insulin preparations listed above and a number of 
mixtures of these preparations were investigated and each gives a 
diagram similar to Fig. 1. No significant differences in mobility 
could be detected between the various crystalline and amorphous 
forms of the insulin. 

Effect of Zine in Acid Solution—F¥or experiments carried out in 
phosphate-citrate buffers, the insulin boundary concentration 
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gradients and the mobilities were found to be uninfluenced by 
the presence of zine ions in the buffer. Both crystalline and 
zine-free samples were investigated. Each ml. of the buffer 
contained zine ion equivalent to 0.5 per cent of the protein concen- 
tration used in the experiment. Because of the insolubility of 
zine ion, parallel experiments in phosphate buffers were impossible. 
Homogeneity of Insulin Preparations in Alkaline Solutions 
On the alkaline side of the isoelectric point, indication of only one 
component was obtained in each of the experiments. However, 
the boundaries were less sharp than at corresponding migration 


times, buffer salt concentrations, and protein concentrations for 


Fig. 1 Fic. 2 
Fic. 1. Insulin boundary in citrate-phosphate buffer. Concentration of 
protein 0.2 per cent, pH 3.48, ionic strength of buffer 0.10 
Fic. 2. Insulin boundary in phosphate buffer (a) after 1 hour, 50 min- 
utes migration; (6) after 3 hours, 40 minutes migration. 0.2 per cent 
protein, pH 7.37, ionic strength of buffer 0.10 
experiments on the acid side of the isoelectric point. Fig. 2 
gives a protein concentration gradient versus distance curve for a 
0.2 per cent solution of crystalline insulin at pH 7.55, while Fig. 3 
gives the corresponding curve for a 1.0 per cent solution of the 
same insulin. Fig. 4 is for a 0.2 per cent electrodialyzed insulin 
preparation at pH 9.6. The boundaries at pH 9 to 10 are always 
much sharper than for corresponding experiments at pH 7 to 8. 
Fig. 2 shows a small but sharp refractive index gradient on the 
leading side of both ascending and descending boundaries. This 


gradient always appears in dilute protein solutions in phosphate 
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buffers. It appears throughout the range of ionic strength used and 
conductance data for solutions dialyzed for different times indicate 
that the phenomenon is not due to lack of dialysis equilibrium. 
The gradient disappears at higher protein concentrations and at 
higher pH values for all protein concentrations used. 

Comparison of Various Insulin Preparations in Phosphate Buffers 

Table I shows a representative portion of a great number of data 
indicating that different insulin preparations give different mobility 
rates in phosphate buffers. When identical dialysis and experi- 





— 





Fig. 3 Fic. 4 
Fig. 3. Insulin boundary in phosphate buffer. 1.0 per cent protein, 
after 3 hours, 40 minutes migration; pH 7.55, ionic strength of buffer 0.10. 
Fie. 4. Insulin boundary in carbonate-borate buffer. Protein concen- 


tration 0.2 per cent, pH 9.60, ionic strength of buffer 0.10. 


mental conditions are used, the erystalline insulin samples show a 
higher mobility rate than the others; say, under a typical set of 
conditions about 20 per cent higher than does Lilly’s amorphous 
insulin, W-1002, and 40 per cent higher than the electrodialyzed 
insulin. However, when the electrodialyzed insulin and crystalline 
insulin, which have quite different mobility rates under correspond- 
ing conditions, are mixed under the same conditions, only one 
component appears, and this component has a mobility rate near 
to that of the crystalline insulin. It should be noted that there is 
only a negligible difference in the mobility of insulin from 0.2 to 


1.0 per cent solutions. 


ri enna 
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Effect of Method of Solution and Dialysis on Mobility of Insulin in 
Phosphate Buffers—The mobility of insulin in phosphate buffers 
was found to depend upon the method of dissolving the insulin, 
and upon the time and temperature of dialysis preliminary to the 
electrophoresis. For crystalline insulin, in a typical experiment 
at ionic strength of 0.10 and pH 7.56, the following mobilities 


were obtained: (a) 5.70 K 10-° when the insulin was dissolved 


TABLE | 


Comparison of Electrophoretic Vobility of Various Insulin Prepa lions 
in Phosphate Buffers 


Ex re ne I nee , pH omen M soepane , 
189 ED-VI 0.2 7.55 0.10 1 S4 | 
IS3 -1072 0.2 7.56 0.10 5.45 | 
IS5 sia 1.0 7.56 0.10 5.44 | 
19] (0.42 7.55 0.10 5.43 | 

KED-VI 0.42 
152 W-1002 0.2 4.20 0.02 7. 9 
158 ™ 0.2 7.34 0.02 7.00 2 
160 ED-VII 0.2 7.34 0.02 6.36 , 
157 RC-6 0.2 7.44 0.02 8.94 2 
154 . 0.2 7.48 0.02 & SS y 
172 ED-VI 0.2 7.41 0.05 5.20 } 
142 (°-35 0.3 7.42 0.05 6.20 2 
165 RC-S8 0.2 7.44 0.02 6.80 j 
164 W-LOO2 0.2 7.34 0.02 7.40 j 


* ED refers to electrodialyzed preparations; RC to recrystallized prepa- 


rations other numbers to Lillv’s prepal itions set ext 


t (1) dialyzed at room temperature 2) dialyzed at 0 }) undialyzed 


dissolved at 0 $) dialvzed at room temperature vith phosphate buffer 


then m ide icid, ind di ilvze d again with phosph ite buffer 


directly in the buffer and dialyzed at room temperature; (6) 5.45 X 
10-° when the insulin was dissolved with the minimum amount of 
acid, returned to pH 7.56, and dialyzed at room temperature; 
(ec) 5.11 & 10°-° when dissolved as in (6) but dialyzed at 0 

For amorphous insulin, Lilly’s iletin W-1002, a higher rate is 
obtained when it is dissolved in and dialyzed with the phosphate 


buffer at room temperature than when the dialysis is carried out 
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at 0°. ‘This insulin contains considerable acid; so a direct compari- 
son with the crystalline insulin is impossible. 

As explained previously, the electrodialyzed insulin could be 
used for electrophoresis without preliminary dialysis. In the 
phosphate buffers dialysis at room temperature gives a slight 
increase in the mobility rate, though mixtures of the dialyzed and 
undialyzed insulin give no separation. 
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broken line indicates different buffer systems at the same ionic strength. 
} data of Howitt and Prideaux for insulin-gold sol. @ data of Winter- 
steiner and Abramson for insulin on quartz. + data of Wintersteiner and 


Abramson for insulin crystals 


When excess disodium phosphate is used to form a clear solu- 
tion of iletin, W-1002, a considerably higher mobility is obtained 
than when the insulin is dissolved directly at a lower pH. This 
rate is quite difficult to reproduce from experiment to experiment. 

It was shown in all cases that differences in pH or conductance 
of the dialyzed solutions could not be responsible for the results 
recorded here. The most symmetrical boundaries were obtained 
upon dialysis for about 24 hours. As the dialysis time at room 
temperature in phosphate buffers was increased beyond this time, 
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the boundaries became increasingly diffuse, and showed more and 
more of the phenomena of reversible boundary spreading. 
pH-Mobility Data—The mobility data, taken under conditions 
which permit a pH-mobility plot are included in Fig. 5. The 
data on the acid side of the isoelectric region from pH 3.8 to 4.3 
were obtained in acetate buffers; from pH 3.3 to 3.6 the experi- 
ments were carried out in citrate-phosphate buffers. These 
experiments were, with few exceptions, carried out with the electro- 
dialyzed insulin and many of them were in undialyzed solution, 
The data of Fig. 5 from pH 7 to 8 are from experiments with 
phosphate buffers. The experiment at pH 8.95 was carried out 
in phosphate-borate, and the one at pH 9.6 was in a borate- 
carbonate buffer. Electrodialyzed insulin was used in all of these 
experiments which were either carried out with undialyzed solu- 
tions or with solutions which had been dialyzed at O°. The curve 
for ionic strength of 0.02 and the upper curve for tonic strengths 
of 0.05 and 0.10 were determined with electrodialyzed insulin 
prepared from the Lilly crystalline insulin. The lower curves for 
ionic strengths of 0.05 and 0.10 were determined with electro- 
dialyzed insulin from recrystallized insulin, which in turn had been 


prepared from T-1072 
DISCUSSLON 


Since the insulin preparations of varying activity all appear to 
be uniform in electrophoretic properties, it is quite evident that, 
under the conditions used here, the moving boundary electro- 
phoretic method offers little aid for the preparation and purification 
of insulin. The fact that different preparations give slightly 
different behavior in the range pH 7 to 8 does not offer a method of 
identification of insulin samples. Here all mixtures behave as a 
single substance and there is no apparent relation between mobility 
rate and activity There is no correlation between the mobility 
differences due to method of solution and dialysis and activity 
changes during these processes, @S assay) indicates no significant 
change in activity during these treatments. 

From pH 3.0 to 4.2 the insulin appears to be complete ly homo- 
geneous From pH 7 to & there is only a slight spread of the 
electrophoretic properties. At values up to pH 9.6 the boundaries 
are quite sharp. There is no evidence of abrupt change of the 
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properties in this entire range. Owing to the insolubility of the 
preparations studied under the conditions of the experiments from 
pH 4.5 to 7.0, it is impossible to make any study in the stability 
region proposed by Sjégren and Svedberg. 

Fig. 5 shows in addition to the data of the present work the 
data of Wintersteiner and Abramson and part of the data of 
Howitt and Prideaux. Wintersteiner and Abramson assumed 
that the dissolved insulin would have the same mobility as that 
precipitated on quartz. Such identity has been demonstrated 
for egg albumin and serum albumin. Because of the solubility 
limitations on the moving boundary method, the present work 
may be compared with that of Wintersteiner and Abramson only 
around pH 4. The experiments of these authors, carried out in 
u/30 acetate buffer give a mobility of about 1.5 units at pH 4. 
The present work includes data in acetate buffers at ionic strengths 
of 0.02, 0.025, and 0.05, and a mobility extrapolated to the ionic 
strength of Wintersteiner and Abramson’s work is about 7.5. If 
this mobility of 7.5, taken at 0.2°, is corrected to 25°, it is approxi- 
mately doubled, which emphasizes the difference. 

Accurate extrapolation over the insoluble region is impossible 
from the present data; so an isoelectric point cannot be accurately 
determined. However; the data here presented may indicate a 
higher isoelectric point than that given by Wintersteiner and 
Abramson and by Howitt and Prideaux, the possible limits being 
pH 5.3 to 5.9. The curves for the different ionic strengths cross 


each other in the insoluble region. 


The author wishes to express his sincere appreciation to Professor 
Vincent du Vigneaud for his encouragement and advice during the 
progress of this work. 

SUMMARY 


1. Crystalline insulin has been studied by the moving boundary 
electrophoretic technique and found to be homogeneous in the 
properties revealed by this method. 

2. Various other insulin preparations have been studied under 
the same conditions as the crystalline insulin, and have been 
found to be indistinguishable from the crystalline insulin. These 
studies included preparations with activity as low as 16 units 


per mg. 
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3. The presence of zinc in the buffers on the acid side of the 
insoluble region is found to have no effect upon the electrophoresis 


of insulin. 
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Perhaps because micromethods for lipids have only recently 
been available, the distribution of lipids in the adrenal gland has 
been almost unexplored. Thus, although a great deal of histo- 
logical material has been reported, there is by contrast only a 
single series of total lipid analyses (1). No attempts have been 
made previously to include phospholipid and neutral fat estima- 
tions. The cholesterol content (because cholesterol micromethods 
have been available for some time) has been reported by several 

9-7) 


authors (2-7 


EXPERIMENTAL 
Procedure 


Adult albino rabbits, normal and fasting, were chosen as the 
experimental animals. All rabbits were allowed tap water ad 
libitum. After various fasting periods, the animals were sacri- 
ficed painlessly by a blow on the head. The adrenals were 
quickly removed; the left adrenal glands were reserved for a 
histological study which will be reported separately by one of us 
(R. W.) in due course. The right adrenal glands were weighed 
individually and placed immediately in 95 per cent alcohol. 


*This work was supported in part by grants from the Rockefeller 
Foundation and from the Carnegie Corporation of New York. 

+ Visiting Fellow of The Rockefeller Foundation from the Department 
of Pathology, Victoria University of Manchester, Manchester, England. 
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They were ground with sand, extracted, and analyzed by standard 
lipid methods (8-10) (Fig. 1). 


Data 


Adrenal Weight—The adrenal weights varied widely; the maxi- 
mum weight was 315, the minimum 53, and the average 93 mg. 
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DAYS STARVED 
Fic. 1. The average lipid percentages of the moist weight of the adrenal 
are plotted as ordinates against the number of days the animals were fasted 
N is the normal unfasted animal The constancy of the phospholipid 18 
evident, as is the variability of the total lipid. The cholesterol content 


tends to increase with fasting 


Such widely varying adrenal weights have been reported pre- 
viously (5-7, 11). There seemed to be no correlation with body 
weight. The average adrenal weight was about 8 per cent less 
than normal for the group fasted for 3 days; the averages for the 
groups fasted 7, 14, and over 14 days were 3, 14, and 11 per cent, 
respectively, greater than normal. 
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Phospholipid—The phospholipid averages (either in mg. per 
adrenal or as percentages) for the normal and fasted groups show a 
remarkable constancy. About 3 to 3.5 mg. of phospholipid are 


TABLE I 


Adrenal Lipid Analyses on Control Rabbits 


Cholesterol 








Initial > ee k rT 

Rabbit No b-. 3 — meer ~—— | Total | Ester | oad 
= Total | 

kg. mg mg. mg mg. | per cent mg. 
l 2.75 110 3.49 0.97 7.87 87.2 12.33 
2 2.72 98 3.69 2.89 4.77 | 82.5 | 11.35 
3 2.94 85 2.47 | 2.81 4.38 | 84.0 | 9.66 
2.51 105 3.79 6.11 5.76 | 80.5 | 15.66 
5 2.98 77 2.39 4.00 3.54 80.5 9.93 
6 2.82 77 2.27 1.86 | 2.78 78.3 9.91 
7 3.05 73 2.55 0.17 6.02 88.5 7.74 
8 2.75 75 2.47 1.94 | 4.24 | 85.0 | 11.65 
9 2.90 71 2.52 4.67 | 3.54 | 84.3 | 10.73 
10 3.00 100 3.07 3.80 3.95 71.8 | 10.82 
11 2.98 73 2.99 2.83 3.93 74.0 | 9.75 
12 3.00 125 3.97 3.03 8.33 78.2 | 15.33 
13 2.55 34 1.97 3.33 | 10.55 85.0 | 18.85 
14 2.60 100 3.05 2.80 7.22 81.8 | 13.07 
15 2.67 92 2.85 2.25 3.20 76.3 | 8.30 
16 2.64 105 3.04 3.47 8.53 85.1 15.04 
17 2.50 100 3.25 2.00 6.18 80.2 11.43 
Is 2.70 86 2.63 2.91 3.52 77.0 | 9.06 
19 2.58 94 2.86 | 2.14 | 5.51 | 82.3 | 10.51 
20 2.38 83 2.51 2.58 4.96 81.2 | 10.05 
Average 2.75 93 3.04 3.13 5.44 81.2 | 11.45 


We are greatly indebted to Miss A. J. Clark of the Department of Bacteri- 
ology for a statistical analysis of the chemical data. In each case, she 
found that the variation between the rabbits in a given group is greater 


than the variation between the averages of the fasted groups. 


present and constitute on the average about 3.5 to 4 per cent 
of the total moist weight. 

Neutral Fat—-The neutral fat average values tend to rise initially 
and fall with prolonged fasting. These changes are not great 
in magnitude; on the average, the increase is of the order of 0.5 
mg. and the fall is about 1 mg. Expressed as percentages of 





188 Lipids of Adrenal Gland 


moist adrenal weight, the neutral fat rises from 3.5 to 5.8 per cent 
in 3 days and then falls after 2 weeks fast to 2.8 per cent. 
Cholesterol—The adrenal normally contains about 6 per cent of 
total cholesterol; of this, about 80 per cent is in the esterified form. 
The total cholesterol shows a steady rise with fasting; the ester 
percentage remains nearly constant, showing that there is a pro- 


TABLE II 
Adrenal Lipid Analyses on Rabbits Faste d 3 Days 


Body weight Cholesterol 
Rabbit N — ren Neutral , — Per) 
Initial Final Total Tota 
kg ko mg mg mg mg. per cent mg 
21 2.45 | 2.05 96 3.78 | 2.65 6.66 | 80.4 | 13.09 
22 2.30 | 2.04 | 133 | 5.53 6.26 
23 2.59 2.36 80 3.08 2.28 8.26 | 87.0 | 13.62 
24 2.40 2.09 81 3.00 1.45 | 11.25 83.1 15.70 
25 2.53 2.35 135 5.16 9.88 
26 2.60 2.22 134 5.20 7.58 9.58 | 95.3 | 22.36 
27 2.31 2.15 78 3.06 6.54 
28 2.14 1.75 91 3.53 1.17 6.46 86.3 | 14.16 
29 2.61 2.29 82 3.35 2.91 7.44 86.0 13.70 
30 2.61 2.34 7! 3.48 1.80 6.72 | 63.3 | 12.00 
3 2.45 2.08 3.28 t.48 6.22 80.0 ; O8 
32 2.58 2.20 3.40 2.75 7.30 | 95.0 | 13.45 
33 2.58 2.18 2.47 2.89 1 64 91.6 10.00 
34 2.24 2.08 2.55 3.00 2.85 | 82.1 § 40 
35 2.35 2.11 74 2.92 4.82 7.50 | 87.9 | 15.24 
36 2.25 2.10 53 2.67 4.47 6.29 | 86.5 | 13.43 
37 2.09 1.87 75 3.10 $.39 5.70 | 89.3 | 13.19 
38 2.25 2.02 47 1.70 1.86 
39 2.22 2.00 73 2.82 4 86 8.34 83.2 16.02 
40) 2.30 2.02 71 2.98 4.22 6.08 | 76.6 | 13.28 
(Average 2.39 2.12 86 3.35 3.67 6.79 | 84.6 | 13.85 


portionate increase in both fractions. The total cholesterol rises 
from 5.4 mg. initially to 9.9 mg. after 2 weeks fasting. 

The amount of cholesterol per adrenal gland in normal rabbits 
has been reported as 3 to 5 mg. (7) and 4 to 11 mg. (6). In the 
present work, the average total cholesterol percentages for the 
normal and fasted groups (Tables I to V) range from about 5.5 
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to 10; these values are within the previously given limits. The 
minimum cholesterol found was 2.0 mg. (1.5 per cent); the maxi- 
mum content was 17 mg. (16.0 per cent). Several authors have 
reported decreases in cholesterol following certain experimental 
procedures, (a) after unilateral adrenalectomy plus adrenal in- 
sufficiency or plus infection (7), (0) after a single intravenous 


TaB_e III 
Adrenal Lipid Analyses on Rabbits Fasted 7 Days 





j 


Body weight Cholesterol 
































. ae Adrenal Phospho-| Neutral | — —— Total 
Rabbit No. fen : | weight lipid fat | | Ester | lipid 
Initial Final | | | Total | Total | 
| kg. kg | mg. mg. mg. | mg. | per cent mg. 
41 | 2.32 | 1.80 | 117 | 4.38 | 4.64 | 9.12] 83.8 | 18.14 
42 | 2.37 | 2.00 | 111 | 3.73 | 5.08 | 7.89] 81.8 | 16.70 
3 | 2.42 | 1.95 | 66 | 2.61 | 3.70 | 3.02] 80.1 | 9.33 
44 | 2.44 | 2.10 | 106 | 3.76 | 3.61 | 6.69| 78.2 | 14.06 
45 | 2.75 | 2.29 | 112 | 4.27 | 3.11 | 7.79 | 84.5 | 15.17 
46 2.68 | 2.29 | 124 | 4.57 | 2.89 | 6.18| 76.6 | 13.64 
7 2.55 | 2.08 | 75 
48 | 2.36 | 1.95 | 94 | 3.50 | 3.42 | 4.62] 85.7 | 11.54 
49 | 2.54 | 2.05 | 74 | 3.20 | 2.85 | 6.23| 93.5 | 12.28 
50 2.45 | 2.17 | 80 | 3.33 | 2.76 | 6.40] 76.6 | 12.49 
51 | 2.35 | 2.02 | 93 | 3.65 | 2.39 | 7.56| 86.8 | 13.60 
52 2.53 2.20 | 100 3.63 | 4.06 | 10.1 96.5 | 17.79 
53 2.86 | 2.28 | 93 | 3.58 | 1.60 | 9.94] 86.5 | 15.12 
54 2.42 | 2.07 | 152 | 5.92 | 3.28 | 7.36| 88.3 | 16.56 
55 2.42 | 1.95 | 82 | 3.12 | 3.39 | 3.65| 83.5 | 10.16 
56 2.24 | 1.75 | 86 | 3.30 | 2.50 | 4.86! 80.7 | 10.48 
57 2.35 | 1.97 | 54 | 2.23 | 1.19 | 4.55| 89.4 | 7.97 
58 2.16 | 1.57 | 111 | 3.88 | 4.75 | 11.40] 73.9 | 20.03 
59 2.20 | 1.63 79 | 3.15 | 2.44 | 6.76 | 89.9 | 12.35 
60 2.75 | 2.22 | 115 | 3.90 | 4.83 | 13.45 | 72.9 | 22.18 
Average....| 2.46 | 2.02 | 96 | 3.66 | 3.29 | 7.23| 83.6 | 14.19 


injection of cholesterol (6), and (c) after a single dose of insulin (5). 
It is noteworthy that an increase in cholesterol content accom- 
panies fasting. 

Total Lipid—The total lipid is normally about 12 per cent of the 
fresh adrenal. After 3 days fast, the total lipid percentage has 
risen to 21; the values fall thereafter and remain at a level of about 





TABLE IV 


Adrenal Lipid Analyses on Rabbits Fasted 14 Days 





Body weight Cholesterol 
r —— ——)| Adrenal |Phospho-| Neutral —| Te 
Rabbit No. Initial Final rom wy Pheri . fat ' Total Ester leat 
Total 
kg. kg. mg. mg. mg. mg. per cent mg. ™ 
61 2.57 | 1.37 73 2.79 | 3.77 | 1.49] 67.7 | 8.05 
62 2.55 1.82 183 5.99 1.47 13.83 78.9 21.29 
63 2.50 1.46 92 3.35 | 3.72 5.84 | 70.0 | 12.9] 
64 2.64 1.61 80 2.83 | 4.00 6.52 | 70.8 | 13.35 
65 | 2.61 1.84 315 10.9 3.11 23.00 71.2 | 27.20 
66 2.51 1.42 75 2.78 | 2.75 3.45 | 76.7 8.98 
67 2.30 1.70 73 2.75 2.14 6.55 91.7 11.44 
68 2.34 1.45 85 2.65 | 0.78 6.79 | 78.5 | 10.22 
69 2.75 | 1.77 9] 3.59 | 2.80 5.35 | 82.5 | 11.74 
70 2.65 1.52 99 3.78 ».78 3.88 | 70.2 | 10.44 
71 2.84 2.00 89 3.14 1.78 8.60 | 76.2 | 13.52 
72 3.2 1.54 66 2.36 | 1.42 6.02 | 82.3 9.80 
73 2.71 1.78 98 3.30 | 2.50 7.47 | 80.3 | 13.27 
74 2.84 1.92 110 3.72 | 1.64 7.42 | 77.0 | 12.78 
75 2.55 1.66 107 3.69 1.22 9.35 82.7 14.26 
76 2.69 1.75 150 4.17 | 0.04 13.17 | 84.0 | 17.38 
77 2.30 1.7] 116 3.56 0.24 11.45 S3.3 15.25 
78 2.65 1.82 62 2.34 | 2.75 1.07 | 86.5 9.16 
79 2.58 1.89 86 3.28 | 2.28 5.55 | 96.4 | 11.11 
80 2.22 1.49 84 3.32 | 3.39 6.29 | 78.7 | 13.00 
Average 2.55 1.67 107 3.72 | 2.23 7.80 | 79.3 | 13.25 


TABLE V 
Adrenal Lipid Analyses on Rabbits Fasted More Than 14 Days 





Body weight Cholesterol 

Rabbit No. [———7 | Adrenal [Phospho-| Neutral |——— | load 
Initial Final | Total Total 

kg. kg. mg. mg mg. mg. per cent mg. 
82 2.15 1.20 85 2.88 3.11 9.70 | 89.3 | 15.69 
83 | 2.23 1.13 132 3.52 6.53 8.96 86.2 19.01 
84 2.28 1.50 73 2.47 3.83 9.54 87.1 15.84 
85 2.37 1.25 84 3.13 0.89 10.16 | 74.9 14.18 
86 2.30 1.30 58 2.52 3.47 1.08 | 90.2 | 10.07 
90 2.54 1.50 97 4.45 | 2.78 3.84 | 83.6 | 11.07 
92 2.57 1.35 211 5.47 0.0 13.89 | 79.7 | 19.36 
O4 1.96 1.20 97 3.72 1.80 8.68 83.4 14.20 
9S 2.30 1.25 94 3.08 0.0 16.02 82.9 19.10 
100 2.33 1.25 99 3.15 3.23 | 13.89 | 78.3 | 20.27 
Average....| 2.30 | 1.29 103 3.44 2.56 9.88 | 83.6 | 15.88 
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14percent. This rise is due to an increase in the absolute amounts 
of neutral fat and cholesterol, since by the 3rd day there is only a 
small loss in adrenal weight with fasting and thereafter the adrenal 
weights are greater than normal. Addis et al. (12) have noted 
in rats that no protein is taken from the adrenal in fasting. The 
only total lipid data in the available literature are those of Grund- 
land and Bulliard (1) who applied the method of Kumagawa to 
ten adrenals. They found 22 to 49 mg. of total lipid per adrenal, 
which constituted 73 to 80 per cent of the adrenal dry weight. 
Such values indicate approximately 20 per cent total lipid on a 
moist weight basis; this is considerably more than the 12 per cent 


reported here for normal fresh adrenals. 
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OF THE WATERMELON 
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of Technology, Pasadena) 
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10 years ago lycopene, CywHy, and carotene, CyHss, were iso- 
lated from the pulp of the European watermelon (Citrullus vul- 
garis, Schrad. = Cucumis citrullus, L.) by Zechmeister and Tuzson 
(1), and it was shown that the chief pigment, lycopene, is re- 
sponsible for the red color. As the chromatographic method was 
not available at that time, no precise information as to the com- 
position of the pigment was obtained. In some new experiments 
described below we have carried out a quantitative analysis of the 
components and have estimated the provitamin A content of the 
California watermelon. 1 kilo of the pulp examined contained 
1.0 mg. of a complicated xanthophyll mixture, 6.1 mg. of lycopene, 
0.06 mg. of y-carotene, 0.16 mg. of unknown carotenoids (located 
in the column between y- and 6-carotene), 0.46 mg. of 8-carotene, 
0.01 mg. of a-carotene. The figures include the fractions of lyco- 
pene, and y- and 6-carotene which underwent isomerization during 
the experimental procedure (2). 

The colorimetric value of the total extract of 1 kilo of pulp 
corresponded to 7 to 8 mg. of “lycopene’’; some samples were, how- 
ever, considerably richer in pigment. Our material, picked in 
California in September, contained, according to the above figures, 
0.5 mg. of provitamin A in | kilo of pulp, or about one-fifth to one- 
sixth of the daily 6-carotene requirement of an adult person. 

It is interesting to note that a considerable number of yellow 
and pink unidentified oxygen-containing carotenoids were found 
in minute quantities; 7.e., to the extent of about 0.01 mg. per kilo 
of pulp. Even with the use of chromatography 1000 or more 
kilos of melon would be needed for a satisfactory study of these 


* Contribution No. 808. 
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pigments. One of them is spectroscopically identical with toru- 
lene, detected by Lederer in red yeast (3). 


EXPERIMENTAL 
Methods 


The two parts of the chromatographic tubes were connected by 
a ground glass joint and the lower one was equipped with a 
perforated glass filter plate, as previously described (4).! All 
spectra were determined in an ‘evaluating grating” spectroscope as 
devised by Loewe and Schumm and manufactured by Zeiss (Jena), 
In accordance with a suggestion by Emerson and Fox (5), Jena 
colored optical filters No. BG-7 were adopted as light filters, 
For the quantitative estimation of the carotenoids a Pulfrich 
gradation photometer (Zeiss) was used, with light filter No. 8-45 
or 8-47; the new photometric values given by Cholnoky (6) were 
used as a standard. Since no such data are available for y- 
carotene and for torulene, an average of the colorimetric values of 
8-carotene and of lycopene in petroleum ether? is the basis of the 
calculations for the y» compound, and Cholnoky’s capsorubin 


values are used for torulene. 
Color Analysis of Pulp 


The pulp of a 7 kilo melon (Klondike, 4.3 kilos without seeds) 
was mashed in a meat chopper and pressed in a hand press. The 
main pigment content was in the pulp; the small amount in the 
juice was in the floating red particles. After the addition of 0.05 
volume of acetone, the liquid was kept in a narrow bottle overnight. 
A fine red material settled from which the clear liquid was cau- 
tiously decanted. The sediment was filtered off and the conic 
filter paper containing the insoluble material was dried at 40°. 
The pressed pulp was kept in methanol overnight and again pressed 
out. The slightly colored methyl alcohol was then added to the 
acetone-containing liquid mentioned above, and all the pigment 
was extracted by repeated shaking with a 1:1 mixture of benzene 
and petroleum ether. After evaporation the residue was dis- 
solved in ether (Fraction 1). 

1 This device is now manufactured by the Scientific Glass Apparatus 
Company, Bloomfield, New Jersey. 

2 The petroleum ether referred to throughout this paper is that having 


a boiling point of 60-70° 
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The pressed material was dried at 40° (16 gm.) and combined 
with the dry sediment and this brownish red, hard material ground 
in a mill and ether percolated through it. The extraction was 
completed by using a smaller quantity of carbon disulfide which 
was collected separately and evaporated to dryness, and the residue 
dissolved in the ether extract and combined with Fraction I. 
The solution (450 ec.), containing practically all of the pigment 
present in the pulp, was saponified with 50 cc. of concentrated 
methanolic KOH overnight. After the addition of approximately 
| volume of water, the alkaline layer was discarded, the red solution 
washed three times with water, and the saponification repeated. 
The pigment solution was washed until free from alkali, dried over 
sodium sulfate, and evaporated to dryness under diminished 
pressure in a slow stream of COs. 

The dark residue was dissolved in 300 ec. of petroleum ether. 
The pigment content of this solution corresponded to 35 mg. of 
lycopene. It was chromatographed on calcium hydroxide (Shell 
Brand, chemical hydrated lime, 98.5 per cent; tube, 30 X 5.5 cm.) 
and developed first with petroleum ether, and later with benzene, 
until the following picture was obtained (the figures denote the 
height of the respective zones). 

Fraction A—3 mm., brownish red; 2 mm., pale intermediate zone; 2 mm., 
red; 62 mm., bright red, the lower part stronger (lycopene); 11 mm., orange 
(neolycopene) ; 4 mm., light orange by-product of the isomerization. 

Fraction B—10 mm., colorless; 15 mm., pale blurred orange-red; 18 mm., 
colorless; 20 mm., orange (8-carotene). 


The column was cut into two parts; Fraction A was eluted with 
an alcohol-benzene mixture (1:4), and Fraction B with alcohol 
and petroleum ether (1:1). After the alcohol had been washed 
out of both solutions with water, Fraction A was dried, evaporated 
under diminished pressure, dissolved in petroleum ether, and 
chromatographed on calcium carbonate (Merck’s heavy powder; 
tube as above). Fraction B was dried and rechromatographed 


on calcium hydroxide (Merck; tube 23 X 3 cm.). Both columns 
were developed with petroleum ether. 


Chromatogram A—Xanthophylls: 5 mm., many thin yellow lines; 5 mm., 
several red and yellow lines; 2 mm., almost colorless; 5 mm., several pink 


and yellow lines. 
Hydrocarbons: 60 mm., almost colorless; 95mm., dark orange (lycopene) ; 


4mm., orange (neolycopene). 
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The lycopene and neolycopene layers contained 26.2 mg. of 
pigment. Maxima of lycopene, 547, 507.5, 475.5 mu; of neolyeo- 
pene, 536, 498, 466 my (in carbon disulfide). 

It was impossible to separate the individual xanthophylls, the 
total color intensity of which corresponded to 4.3 mg. of “lutein”, 
This xanthophyll fraction gave, when rechromatographed on 
CaCOs, at least twenty to twenty-five colored zones, some of which 
had been formed by isomerization. All were poorly separated, 
The majority of the yellow lines were located near the top, while 
in the next lower section pink and yellow lines were preponderant. 
The spectra of all these zones, taken in carbon disulfide, vary 
between 497.5, 466.5, 438 my and 568.5, 528, 493 mu. The 
carotenoid showing the highest maxima, of which a few crystals 
were obtained, is spectroscopically identical with torulene; maxima 
in petroleum ether, 523.5, 491, 455.5 my; in benzene, 539, 496, 
159 mu. The first bands are sharply bordered but narrow; the 
second ones appear broader and stronger. We believe that the 
quantity of this pigment is of the order of magnitude of 0.01 
mg. in 4.3 kilos of the pulp. | 


Chromatogram B (Spectra in CS,)—30 mm., colorless; 10 mm., dark orange 
(y-carotene, 0.14 mg., 532.5, 494.5, 461.5, 430.5 mu); 3 mm., colorless; 15 
mm., yellow (neo-y-carotene,® 0.15 mg., (527), 492, 458.5 my); 15 mm., 
lemon-yellow (unknown, 0.07 mg., (525), 490.5, 458.5, 430 mu); 8 mm., 
colorless; 20 mm., orange (unknown, 0.62 mg., 512.5, 479.5, 452 mu); 3 mm., 
colorless; 15 mm., dark orange (8-carotene, 1.5 mg., 520, 484, 454 mu); 1 mm., 
colorless; 13 mm., light orange (neo-§-carotene,‘ 0.5 mg., 513, 479 my); 
10 mm., blurred yellow (unknown, 0.04 mg.; a-carotene? 


Isolation of Lycopene and of 8-Carotene 


The preparation of the material and the extraction were carried 
out as described above, with the exception that the sediment was 
separated in the centrifuge. 83 kilos of watermelon (variety 
Rattlesnake) gave about 50 kilos of pulp, 490 gm. of dried brown- 
ish red powder, and finally 500 cc. of a dark petroleum ether 
solution which contained the total saponified pigment. Two 
chromatographic tubes (30 X 7.5 em.) were necessary. The 

’ This layer was identified as neo-y-carotene by partial conversion into 
y-carotene on standing. We intend to describe the isomerization of this 
hydrocarbon later. 

‘ Termed also pseudo-a-carotene. 
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sequence of the zones was like that of the first chromatogram 
described above, the separation, however, being much less clear, 
owing to the comparatively higher amount of pigment per unit 
weight of adsorbent. 

8-Carotene—The layer was cut out, eluted with an alcohol and 
petroleum ether mixture, rechromatographed, transferred into 
petroleum ether, and, after evaporation of the latter, crystallized 
from benzene after addition of methanol. The yield was 19 mg. 
of glittering plates. Maxima in carbon disulfide, 520, 485 muy; 
in petroleum ether, 485, 452.5 my. No separation from added 
g-carotene (from carrots) was obtained in the column. The 
mother liquor contained a considerable quantity of crystallizable 
sterols and other colorless substances, as well as 1.5 mg. of carotene. 

Lycopene—The lycopene and the neolycopene layers were cut 
out together with all the layers above 8-carotene. This section 
was rechromatographed on calcium carbonate (precipitated, 
McKesson) in seven portions; each time a 30 X 5.5 cm. tube was 
used and the column washed with large quantities of petroleum 
ether, whereupon a sharp separation of the top layers from the 
lycopene layer resulted. The latter was cut out, eluted with 
alcohol and petroleum ether (1:1), and chromatographed on 
CaCO;; it now showed only negligible zones above the lyco- 
pene. After elution the main pigment was transferred into pe- 
troleum ether which was dried and evaporated. The residue was 
dissolved in the smallest possible amount of carbon disulfide, 
diluted with petroleum ether, and the pigment crystallized out 
by addition of absolute ethyl alcohol. The yield was 217 mg. 
of long red needles. From another variety of watermelon (Klon- 
dike) the corresponding yield was 188 mg. Maxima in carbon 
disulfide, 547, 507.5, 475.5 my; in petroleum ether, 503.5, 473.5, 
445 mu. No separation from tomato lycopene could be obtained 
in the Tswett column. 


SUMMARY 
The carotenoids of watermelon pulp were chromatographed 
and estimated. The provitamin A content was about 0.5 mg. of 
8-carotene per kilo of pulp and is of the order of magnitude found 
by Munsell (7) in feeding experiments with rats. 
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FRACTIONAL DISTILLATION OF UNSATURATED 
FATTY ACIDS 


I. THE EFFECT OF VACUUM DISTILLATION ON THE ABSORPTION 
SPECTRA OF POLYETHENOID ESTERS FROM COD LIVER OIL* 


By FRANK A. NORRIS, IRVING I. RUSOFF, ELMER 8. MILLER, 
AND GEORGE O. BURR 


(From the Department of Botany, University of Minnesota, Minneapolis) 
(Received for publication, January 2, 1941) 


The analysis of fatty acids of animal and vegetable origin by 
vacuum distillation of the methyl esters through packed frac- 
tionating columns (1) is based on the assumption that the original 
constituents undergo no chemical changes during the distillation 
process. With saturated and certain unsaturated fats containing 
one to three double bonds in the hydrocarbon chain, such an 
assumption is probably valid. In the case of marine and other 
oils containing highly unsaturated acids, however, it is not im- 
probable that the distillation process is accompanied by more or 
less pronounced chemical changes because of the tendency of 
these acids to conjugate and polymerize when exposed to relatively 
high temperatures for prolonged periods of time. 

Farmer and Van den Heuvel (2) have emphasized the fact that 
highly unsaturated fatty acids, such as those found in cod liver 
and similar fish liver oils, are very sensitive to heat. Thus, it is 
stated that below 200° these acids undergo changes, which “are 
in part polymerisations but appear to some extent to be isomerisa- 
tions.”’ Evidence for this conclusion is based mainly on the find- 
ing of exalted molecular refraction in highly unsaturated distillates 
obtained by the use of a vacuum fractionating column. Abnormal 
molecular refraction is also noted in all the supposedly homogene- 


* Aided by research grants from the Rockefeller Foundation and the 
Graduate School, University of Minnesota. Assistance in the preparation 
of these materials was furnished by the personnel of the Work Projects Ad- 
ministration, Official No. 65-1-71-140, Subprojects No. 325 and No. 331. 
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ous tri- and polyolefinic acids prepared from fish oils by other 
investigators using distillation methods. Since the original oils 
and their undistilled fatty acids exhibit normal refractivity, this 
optical anomaly is due presumably to conjugation induced by heat. 

A recent corroboration of this conjugation hypothesis is found in 
a paper by Shinowara and Brown (3) in which it is noted that dis- 
tilled highly purified methyl arachidonate possessed diene values 
indicative of “5 per cent conjugation.” 

In an attempt to isolate some of the most highly unsaturated 
fatty acids of cod liver oil without subjecting them to any pos- 
sible effects of high temperatures, Farmer and Van den Heuvel 
resorted to molecular distillation in a “continuous still.” The 
temperature was maintained below 110° and the time of contact 
between the heating element and the ester film was reduced to 60 
seconds. In this way, a Cee ester fraction was obtained, which 
was found to be pure docosahexaenoic acid, CoxH 202. No five 
double bond Ces acid, comparable with the clupanodonic acid of 
Tsujimoto and Kimura (4), could be isolated. These investiga- 
tors thus concluded that the five double bond acid was not present 
originally in the oil, but was probably formed by thermal decom- 
position of a six double bond (docosahexaenoic) acid during the 
distillation process. 

In order to follow the extent of chemical changes occurring 
during careful fractional distillation of highly unsaturated fatty 
acid esters, absorption spectra are more useful than molecular 
refractions, since the former not only are more sensitive, but may 
also, through characteristic absorption curves, give some indica- 
tion of the nature of any rearrangements occurring. Therefore, 
in this study we have determined the absorption curves as well as 
the customary iodine numbers and saponification equivalents of a 
series of ester fractions resulting from fractional distillation, using 
a packed column, of highly unsaturated cod liver oil esters pre- 
pared by crystallization at low temperature of the free fatty acids 
and their subsequent esterification. Since previous work in this 
laboratory has indicated that untreated cod liver oil exhibits some 
spectroscopic absorption, the present investigation was under- 
taken to determine (1) whether absorption (or refraction) in high 
boiling distillates is due merely to fractionation of the absorptive 
components or to chemical changes occurring during distillation, 
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and (2) if chemical changes occur, whether they are sufficient to 
invalidate the use of a vacuum fractionating column for analytical 
and isolation work. Any appreciable isomerization of poly- 
ethenoid acids to conjugated forms, for example, is of extreme 
analytical importance, since some of the constants used in the 
TABLE | 
Chemical Constants of Methyl Ester Fractions of Cod Liver Oil 


lodine* rs 
No. Saponifi- Total 


comet B Ce — ” a \ ss = heating iodine from Wije 
. fraction method | lent time solution (8, 9) 
(7)) | | 
c. gm. min. 
Original cod liver oil 110.0 183.8 None None 

1 133-136 t.08 67.5 255.8 65 | + 

2 137-139 4.78 76.7 | 256.2 95 " 

3 139-144 5.41 87.6 | 260.8 120 - 

$ 145-146 4.44 97.5 264.6 137 | 7 

5 146-149 3.35 101.7 | 267.4 164 ™ 

6 150-154 11.06 116.0 | 280.5 200 sy 

7 155-156 8.94 118.0 | 283.8 | 338t “ 

8 157-159 6.81 130.8 | 288.9 374 “ 

i) 160-165 4.06 153.7 | 295.6 386 y 

10 166-169 6.22 | 186.7 | 300.2; 401 - 
ll 170 3.04 | 204.1 303.1 421 ” 

12 171-175 15.11 223.5 | 306.4 465 Slight 
13 178-181 6.20 | 240.0 | 316.9 476 ™ 
14 184-190 3.32 | 251.9 | 320.6 483 - 
15 19] 9.73 | 254.5 333.3 $93 << 
16 Residue 13.0 243.8 | 370.3 Pronounced 


* These determinations were made with the assistance of Mr. Vernon 
Wystrach 

t Distillation was interrupted for 52 minutes before this fraction was 
collected. The bath heat was shut off, and no distillate removed during 


this time. 


calculation of the composition of the fat, specifically iodine and 
thiocyanogen values, will then give only misleading and incorrect 
results (5). Furthermore, the extent of polymerization or con- 
jugation must be known at least approximately in order to decide 
whether or not high boiling ester fractions are sufficiently repre- 
sentative of the original sample to be used for isolation and struc- 
ture studies. 
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EXPERIMENTAL 


Preparation of Unsaturated Methyl Esters—A 750 gm. sample of 
cod liver oil was saponified for 15 minutes with 20 per cent alcoholic 
KOH. After acidification, the fatty acids were taken up in li- 
groin (b.p. 30-60°), freed of mineral acid by washing with water. 
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Fic. 1. Absorption curves of fractions obtained by vacuum distillation 
of cod liver oil esters. The figures on the curves represent the sample 


numbers. 


and dried with sodium sulfate. The fatty acids remaining after 
evaporation of the ligroin in vacuo weighed 619 gm. and had an 
iodine number of 175. These acids were taken up in 1 liter of 
acetone, cooled to —10°, and the solution filtered. Three more 
repetitions of the cooling process yielded a filtrate containing 
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fatty acids with an iodine number of 193 and a total of four pre- 
cipitates containing saturated and some unsaturated fatty acids 
(iodine numbers 112 to 149). The acids in the filtrate were con- 
verted to their methyl esters by refluxing with 700 ml. of 5 per 
cent methyl alcoholic sulfuric acid for 2.5 hours. A 110 gm. 
sample of the isolated esters (iodine number 183.8) was used for 
distillation. 

Distillation of Methyl Esters—The fractionating column used in 
these experiments is similar in form to that described by Long- 
enecker (6). The distillation column, 60 cm. in length and 17 mm. 
in diameter, was packed with 3 mm. single turn glass helices. 
Distillations were made at a pressure of 1 mm. of Hg as measured 
by placing a manometer between the still head and vacuum pump. 
The temperature of the heating bath was approximately 10° 
higher than that of the fraction distilling, and the temperature in 
the column was 20° higher than that of the bath. Distillations 
were performed at an average rate of approximately 14 gm. per 
hour. 

Table I summarizes the distillation data obtained. 

Absorption Spectra of Ester Fractions—All absorption spectra 
were obtained by the use of a photoelectric spectrophotometer 
described elsewhere (10). Fig. 1 summarizes the data obtained. 


DISCUSSION 


The absorption curves reported in Fig. 1 show that during a 
vacuum fractional distillation of unsaturated cod liver oil esters 
two processes take place simultaneously. There is some frac- 
tionation of the initially absorptive components of the esters, 
as indicated by the decreased absorption of the first few distillates 
compared to that of the undistilled esters, and coincident with 
this there is a gradual isomerization process which produces more 
absorptive material as the distillation time increases. Thus, a 
summation of the ‘absorption indices” (absorption coefficient X 
weight of fraction) at 2350 and 2700 A. of all the distillates plus 
the residue shows that the total absorption at 2350 A. is increased 
3-fold by distillation, and the absorption at 2700 A. is increased 
8-fold. The wave-lengths 2350 and 2700 A. are selected for con- 
sideration because absorption maxima at these points are noted in 
all the later distillates and, therefore, constitute the most easily 
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measured indication of the changes taking place during distilla- 
tion. 

It must be remembered that while absorption is increased, the 
absorptive material concentrates in the residue, leaving the dis- 
tillates comparatively unaffected. Thus, the absorption of the 
undistilled esters is not equaled in any fraction until Sample 9 is 
reached; and although Sample 12 is sufficiently changed to enable 
it to liberate iodine from iodine monochloride (Wijs solution), 
a phenomenon usually exhibited only by substances containing 
conjugated double bonds, the following spectroscopic and chemi- 
cal considerations indicate that the fraction is still sufficiently 
unaltered to make it suitable for analytical and isolation work. 

Any attempt to account quantitatively for the absorption data 
as conjugation must admittedly yield only approximate results, 
since the absorption coefficients for completely conjugated or 
otherwise isomerized cod liver oil esters are not available.!. How- 
ever, if one assumes that all absorption at 2350 A. is due to two 
conjugated double bonds such as are found in 10,12-linoleic acid, 
and that all absorption at 2700 A. is due to three conjugated double 
bonds such as are found in the eleostearic acids, then it is possible 
to make a rough calculation of the extent of conjugation in the 
distilled fractions from the absorption coefficients observed. On 
this basis, the highest boiling fraction (Ei42. = 50.6 at 2700 A. 
and 37.8 at 2350 A.) contains 2 to 3 per cent of triply conjugated 
linkages and even less doubly conjugated linkages. 

This is in complete agreement with chemical findings, since one 
of the most absorptive fractions, Sample 13, exhibited the same 
iodine number, 240, with both the Wijs and Hanus solutions, al- 
though the latter reagent is known to yield much higher values 
than the Wijs solution when conjugated double bonds are present. 

It is noteworthy that several investigators have obtained ab- 
sorption maxima at 2300 and 2700 A. by prolonged saponification 
of cod liver oil. The highest absorption coefficients have been 
reported by Edisbury et al. (11); Ei. = 200 at 2300 A. for 
total cod liver oil acids and an £}.2,. = 1000 at 2700 A. for 
liquid Cp cod liver oil acids. Edisbury attributes the absorption 
to cyclization on the basis of his spectrographic identification of 
aromatic nuclei in the selenium dehydrogenation products from 


1 This aspect of the problem is now being investigated. 
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absorptive material, as well as the non-specific type of absorption 
curves observed. Other investigators (12), however, believe that 
some form of double bond isomerism such as a change in position 
in the carbon chain is responsible, and, recently, conjugation of 
vegetable oils has been produced by prolonged saponification at 
high temperatures (13). Nevertheless, one cannot compare 
changes produced by heat alone to those produced by alkali and 
heat without first proving the identity of the results; so these 
experimental values for cod liver oil cannot be used for any calcu- 
lation of per cent of rearrangement or conjugation. 

Our experimental results show that very little rearrangement 
has occurred during the fairly prolonged fractional distillation. 
This is corroborated by another experiment in which 50 gm. of 
highly unsaturated methyl esters of cod liver oil (iodine number 
262), prepared by fractional crystallization at low temperature 
and subsequent esterification, were fractionally distilled during a 
period of 200 minutes. The highest boiling fraction, iodine num- 
ber 365.5, had an Fi = 43 at 2700 A., equivalent to only 
2.0 per cent conjugation. Unless some loss of double bonds occurs, 
as suggested by Farmer and Van den Heuvel in order to account 
for their ability to secure by molecular distillation only a six and 
not a five double bond C22 acid comparable with the clupanodonic 
acid of Tsujimoto, it is evident that the amount of rearrangements 
produced in distillates during vacuum distillation is insufficient 
to interfere with analytical calculations and isolation work. 


SUMMARY 
Spectroscopic and chemical evidence indicates that distillates 
obtained by vacuum fractional distillation of methyl esters of 
highly unsaturated fatty acids are sufficiently representative of 
the original material to be used in isolation and structure work. 
Analytical applications of the process are limited by the concentra- 
tion of isomerized material in the residue. 
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A METHOD FOR THE DETERMINATION IN VITRO OF 
RIBOFLAVIN IN TISSUES 
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The problem here undertaken was the development of a method 
for the determination of riboflavin in vitro, with special reference 
to its applicability to animal tissues. For many years feeding 
methods have given the most dependable results but more accu- 
rate methods which would require less time and material have 
been sought. Recently several in vitro methods for the deter- 
mination of riboflavin have been proposed and the adaptation of 
one of these offered a possible solution. 

Among those who have used in vitro methods, Warburg and 
Christian (31), Kuhn and coworkers (20), and later Schormiiller 
(25) estimated the amount of the photochemical decomposition 
product, lumiflavin, with a stage photometer. Koschara (18) 
and Gourévitch (13) used the same instrument but measured the 
riboflavin concentrations directly after the extracts had been 
subjected to different purification processes. Charite and Khaus- 
tov (6) and Murthy (21) employed colorimetry with potassium 
dichromate or riboflavin standards. Visual comparison of the 
fluorescence of unknown and standard riboflavin solutions has 
been the basis of many determinations (von Euler and Adler (10), 
Supplee, Ansbacher, and Bender (27), Whitnah, Kunerth, and 
Kramer (33), and Weisberg and Levin (32) who differed in the 
fact that they used fluorescein standards). Other determinations 
have been made with photoelectric cells. Josephy (16) measured 
the intensity of fluorescence of lumiflavin; Cohen (7) that of ribo- 
flavin; Sullivan (26) the light absorption of riboflavin; Hand (14) 
the fluorescence in comparison with that of uranium glass stand- 
ards; Hodson and Norris (15) determined riboflavin indirectly 
by photometric estimations of the fluorescence of solutions before 
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and after reduction with sodium hydrosulfite; and Kahler and 
Davis (17) measured the total fluorescence, then eliminated the 
riboflavin by increasing the alkalinity, and determined the “‘inter- 
fering’ fluorescence. 

Several of these methods have been applied to the quantita- 
tive determination of riboflavin in the organs of rats (12, 17, 19, 
24, 29, 30) but simultaneous quantitative determinations by the 
feeding method have not been made. There is evidence in the 
literature on this subject indicating the need of modifying the 
existing in vitro methods and of conducting parallel determinations 
by methods of the two types. Supplee, Bender, and Jensen (28) 
reported fluorimetric and biological assays of miscellaneous food 
products with a range in percentage correlation from 95 to 42, 
neither method giving consistently high or low results. Ellinger 
(9) has criticized the application of in vitro methods to plant and 
animal products, emphasizing the errors due to incomplete extrac- 
tion, loss in purification, and difficulties in final estimation, usually 
resulting in low values. Thus the need exists for further investiga- 
tion of in vitro methods for the determination of riboflavin in 


tissues. 


EXPERIMENTAL 


Feeding Method—The feeding method employed was a modifica- 
tion of the Bourquin-Sherman quantitative determination of 
vitamin G (5). This has been shown to give a quantitative 
measurement of riboflavin (1-4). Young albino rats, weighing 
between 45 and 55 gm., whose mothers were reared on dicts con- 
taining adequate but not excessive amounts of riboflavin, were 
separated at 28 or 29 days of age, placed in individual cages, and 
given riboflavin-deficient Diet 581 and distilled water ad libitum. 
The diet consisted of casein (Labco vitamin-free) 18 per cent, 
Osborne and Mendel salt mixture (22) 4, butter fat 8, cod liver oil 
2, Labco rice polish concentrate 2, and corn-starch 66. After 
1 week the animals were harnessed according to the technique of 
Page (23) to prevent coprophagy. The rats were weighed once 
weekly for 2 weeks and then daily until their weights were con- 
stant and they were thus judged to be depleted. The animals 
were then divided into three groups, positive controls that re- 
ceived known amounts of a solution of crystalline riboflavin six 
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times a week, test animals that were given the tissue supplements 
three times a week, and negative controls that received only the 
basal riboflavin-deficient diet. The division was made so that 
there was an equal sex distribution and the same total weight in 
the first two groups. The test period was 4 weeks long and the 
animals were weighed weekly. 

History and Preparation of Tissues Used As Supplements—The 
tissues of healthy adult rats reared on Diets 16, 473, 463, and 453 


TABLE I 


Composition of Diets (Measured in Gm.) 


Constituents Diet 473 Diet 463 Diet 453 

Skim milk powder | 16 | 160 | 160 
Casein 60 60* 60 
Osborne and Mendel salt mix- 

ture (22) 20 20 20 
Butter fat | 80 80 80 
Lactose | 80 80 80 
Cod liver oil | a Th © 
Whole wheatt 556 556 556 
Dicalcium phosphate 4 4 
Agar | 20 20 20 

| Diet 16 

Whole wheat 1000 

** milk powder jibe 200 
Sodium chloride 20 


*13 mg. (13 ec.) of LE lactoflavin (The Borden Company) dried on casein. 
t 26 mg. (26 ce.) of 1E lactoflavin (The Borden Company) dried on casein. 
t 840 gm. of whole wheat as alcohol extract dried on whole wheat. 


were used. The riboflavin contents of these diets determined by 
the above method are 4.0, 5.1, 15.0, and 23.0 y per gm. respec- 
tively. Detailed information concerning the composition of these 
diets is given in Table I. 

The rats were stunned and decapitated in order to free the 
tissues of excess blood. The desired organs were dissected out, 
excess moisture and extraneous tissue removed, and the portions 
weighed out into gelatin capsules, a week’s supply at one time. 
Those not fed immediately were placed in the freezing tray of the 
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refrigerator where they were frozen and during the 1 week period 
there were no signs of deterioration. 

Calculation of Results—The growth response of test animals to 
varying amounts of riboflavin was determined and from these 
values a curve of response was constructed (Table II and Fig. 1), 
Since increments in the amount of riboflavin fed from 2 to 8 y 
six times a week resulted in relatively greater increments in growth 
than lower or higher levels, that amount of each tissue was fed 
which gave growth in this range, preferably at such a level that 
the growth rate approximated that induced by daily supplements 


TaB_e II 
Growth Response to Supplements of Riboflavin Fed Six Times a Week 








| 
Cumulative gains, probable errors, and coefficients 


of variation (figures in parentheses) 


No. of | 

















Ribo- 
flavin cases |__ a ae eS aia 
| In 1 wk. In 2 wks. In 3 wks. In 4 wks. 
Y | gm. gm. gm. gm. 
None! 13 | 1.8+0.51 | 2.140.59] 1840.66] 1.3+0.59 
(152) (151) (198) (242) 
2 Ib | 4.4+4+0.35 6.8 + 0.46 8.3 + 0.60 9.1 + 0.59 
(45) (38) (41) (37) 
j 14 | 6.140.55 | 11.1 40.61 | 15.14 0.81 | 18.74 0.90 
(50) (31) (30) (27) 
6 13 | 9.1+40.47 | 15.2 + 0.43 | 21.5 + 0.69 | 24.5 + 0.76 
(27) (15) (17) (16) 
8 1] 11.4+ 0.60 | 19.0 + 0.68 | 26.0 + 0.72 31.8 + 0.78 
26) (18) (14) (12 
12 13 11.7 + 1.02 | 20.7 + 1.14 | 27.841.29 | 35.2 + 1.04 
(30) (25) (16) 


of 47 of riboflavin. 


(47) 


With the curve of response as a curve of 


reference and from the gain in weight in 4 weeks of the test animal 
and of the control paired with it, the results were calculated 


according to Coward’s (8) method. 


in Table III. 


In 


Vitro Determination. 


Extraction 


Different 


These findings are presented 


methods have 


been proposed for the extraction of riboflavin from natural ma- 


terials. 


Several of these (4, 10, 21, 


95 


yA9) 


, 31) were here investigated 


and then replaced by a new one which appears to give quantitative 
extraction of riboflavin from tissues and to exclude other substances 
which interfere in the subsequent determination of fluorescence. 
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Growth response to supplements of riboflavin fed six times a 
Curve A represents the total gains in 4 weeks; Curve B, the total 


gains in 3 weeks. 
TABLE III 


Riboflavin Content of Tissues (Micrograms per Gm.) of Rats Reared on Diets 
16, 473, 463, and 453 




















Tissue | Diet16 | Diet 473 | Diet 463 | Diet 453 
Liver No. of cases 13 : ee 22 18 
Mean | 32.2 | 38.9 35.7 43.8 
Probable error | +£2.33 +2.99 +1.81 +2.17 
Coefficient of varia- | 39 | 38 35 31 
tion | 
Skeletal No. of cases 17 12 ll 12 
muscle Mean 3.0 | 3.8* 3.0 3.5] 
Probable error +0.14 +0.29 +0.18 +0.26 
Coefficient of varia- 28 | ® 30 38 
tion 
Kidney No. of cases 7 6 6 7 
Mean 26.3 32.3° 32.8 35.0 
Heart No. of cases 3 3 | 4 2 
muscle Mean 27.0 24.7* | 23.0 27.0 


enough tissue for 4 weeks. 





* Calculated on the basis of a 3 week test period because there was not 
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Biological assays showed that approximately 43 per cent of the 
riboflavin in fresh beef liver was extracted by a mixture of | 
volume of methyl alcohol and 4 volumes of 0.125 N hydrochloric 
acid which was incubated with the liver for 48 hours at 37°: that 
this amount was increased to 60 per cent by following the above 
procedure and then refluxing with more of the same reagent for 
1 hour; that 60 per cent was extracted by using a mixture of 3 
volumes of methyl alcohol and 1 volume of water; and that 73 
per cent was extracted if the methyl alcohol-aqueous hydrochloric 
acid extraction was followed by refluxing with 4 volumes of 60 
per cent ethyl alcohol and 1 volume of methyl alcohol. These 
methods were not considered satisfactory for our purpose. Ex- 
tracting liver with 60 and 80 per cent acetone produced solutions 
which exhibited a deep blue fluorescence. Since this color masked 
the yellow-green fluorescence of riboflavin, the method was 
rejected. 

Riboflavin has been reported (11) to exist in tissues bound to 
protein in amounts ranging from 70 to 80 per cent of the total. 
Hence the hydrolysis of the protein in order to free the riboflavin 
or the riboflavin phosphoric acid presented a possible solution of 
the problem. Small portions, 0.5 to 2.0 gm., of tissues of rats of 
corresponding nutritional history to those used in the biological 
assays (wherever possible rats from the same litters were used) 
were weighed out, frozen with solid carbon dioxide, ground with 
sand, and incubated for 20 hours at 37° with 0.3 per cent pepsin 
in 0.2 per cent hydrochloric acid, a few drops of chloroform being 
used as preservative. The mixture was then boiled and filtered. 
The residue was washed with water by decantation. The amount 
of pepsin solution employed varied from 25 to 50 cc., depending 
on the weight of tissue taken. The extracts were made up to 
volume so that the concentration of pepsin and hydrochloric acid 
would be the same in all cases and so that the concentration of 
riboflavin would be from 0.2 to 0.6 y per cc. These extracts were 
clear with a faint yellow color and exhibited the characteristic 
yellow-green fluorescence of riboflavin when they were illuminated 
with the 3650 A. line of the spectrum. Determination of the 
intensity of fluorescence could be made directly on these extracts. 
Prior to the final estimation the solutions were shielded from light. 

Apparatus for Determination of Fluorescence—A Klett fluor- 
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imeter was used. This instrument is of the two-celled, balanced 
circuit type so designed that the fluorescence of the unknown 
solution is measured in terms of the reference standard. The 
source of incident light is a Type H-4 mercury vapor lamp. Corn- 


CONCENTRATION OF RIBOFLAVIN - MICROGRAMS PER CC. 
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NEGATIVE LOGARITHMS OF THE CONCENTRATIONS 


Fic. 2. Relationship between intensity of fluorescence and concentration 
of riboflavin. Curve A represents the intensity of fluorescence of riboflavin 
solutions of known concentrations in terms of a solution containing 1 y of 
riboflavin per cc. as standard; Curve B, riboflavin in pepsin and hydro- 
chloric acid solution read against the standard. 


ing glass filters No. 584 were placed between the lamp and the 
two cells containing the fluorescent solutions and between the 
latter and the photronic cells were placed Corning glass filters 
Nos. 440 and 401. This arrangement of filters resulted in the 
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incident light being mainly of the 3650 A. line and the light falling 
on the photronic cells being that from the riboflavin fluorescence, 
while any scattered incident light was barred. The currents were 
balanced by means of a potentiometer, with a Leeds and Northrup 
mirror galvanometer (sensitivity, 0.00036 microampere per mm.) 


TABLE IV 


Riboflavin Content of Tissues As Determined by in Vitro Method Here 


Developed (Micrograms per Gm.) of Rats Reared on Diets 16, 478, 
463, and 453 
Diet 16 Diet 473 Diet 463 Diet 453 
Tissue No. | Mean and | No. | Mean and | No. | Meanand | No. | Mean and 
of average of average of average of average 


cases; deviation |cases| deviation jcases| deviation (cases| deviation 


Liver 8 |30.542.4) 12 |39.641.6] 12 |38.942.4) 11 |40.842.3 
Kidney 7 |28.743.2) 5 |34.8+2.2) 4 |31.641.0] 4 |33.641.7 
Heart muscle.. 4 [24.641.0) 4 |27.24+1.1) 3 |28.342.5) 2 |26.641.0 


TABLE V 
Comparison of Results Obtained by Feeding and in Vitro Methods 


Differences 


Tissue | Diet No. | Festing | Probable | sneitro | Probable | “between 

Y per gm. Y per gm. Y per gm. Y per gr Y per gm. 

Liver 16 32.2 +2.33 30.5 £0.67 —1.7 
473 38.9 +2.99 39.6 +().35 +0.7 

463 35.7 +1.81 38.9 +(0.58 +3.2 

453 43.8 +2.17 40.8 +0). 60 —3.0 

Kidney 16 26.3 28.7 +2.4 
473 32.3 34.8 +2.5 

463 32.8 31.6 —1.2 

453 35.0 33.6 —1.4 

Heart 16 27.0 24.6 —2.4 
muscle 473 24.7 27.2 +2.5 
463 23.0 28.3 +5.3 

453 27.0 26.6 —().4 


as a null-point indicator. When the values obtained by measuring 
the fluorescence of riboflavin solutions of known concentration 
were plotted in terms of a solution containing 1 y of riboflavin 
per cc. as standard, a straight line was obtained (the potentiom- 
eter scale was logarithmic and so the potentiometer readings were 
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plotted against the negative logarithms of the concentrations). 
Also since the readings express a ratio between the intensity of the 
fluorescence of the standard and of that of the unknown, the 
potentiometer readings increase as the intensity of the fluorescence 
of the unknown solution decreases. From Curve A in Fig. 2 it is 
seen that between 0.9 and 0.1 y per ce. there is a linear relationship 
between the concentration of riboflavin and the intensity of the 
fluorescence. Curve B was constructed from readings obtained 
when riboflavin solutions were treated in the same way as the 
unknowns (7.e., incubated with 50 ce. of 0.3 per cent pepsin in 
0.2 per cent hydrochloric acid for 20 hours at 37°, boiled, filtered, 
and made up to a volume of 200 cc.) and read against the standard 
1 y per cc. of riboflavin solution. In this medium the intensity 
of fluorescence is less and the linear relationship does not hold at 
concentrations lower than 0.2 y of riboflavin per cc. Concentra- 
tions of the unknown solutions were read from this latter curve. 
Riboflavin is easily destroyed by light and in order to reduce this 
source of error the cells containing the standard and the unknown 
solutions were placed in the light at the same time and the final 
potentiometer adjustment was made from an approximate one. 


Results 


Results obtained by the in vitro method are given in Table IV 
and a comparison of the values obtained by the feeding and in 
vitro methods in Table V. 


DISCUSSION 


When the results obtained from the feeding and in vitro methods 
are compared, it is evident that the differences between the two 
sets of values are statistically insignificant. These differences 
are of the same order of magnitude as the probable errors of the 
means obtained by biological assay and are the same or only 
slightly greater than the average deviations of the means of the 
chemical determinations. Neither method gives consistently 
higher or lower results than the other. Probable errors of the 
means of the in vitro determinations, in which the number of cases 
seemed sufficient for these to be calculated, indicate that the 
chemical method gives more uniform results than the biological. 
Further modification of the in vitro method is needed before it 
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can be applied to the determination of riboflavin in skeletal muscle, 
Extracts of this tissue exhibited a blue fluorescence and the con- 
centrations of riboflavin were too low to be accurately determined 
by the method which was applied to the extracts of the other 
tissues. 

These figures give evidence of a higher possible riboflavin con- 
centration in liver, kidneys, heart muscle, and skeletal muscle of 
rats than work reported previously would indicate. However, 
there are several possible explanations for this difference. Verzér 
(29) reported that normal rat livers contain from 7.25 to 13.14 y 
per gm. The livers were finely ground, extracted with water, 
acidified with hydrochloric acid, boiled, reextracted, and the ribo- 
flavin was determined as lumiflavin. Ellinger (9) states that 
such an extraction process is not complete. Kuhn’s experiments 
(20) show that the transformation of riboflavin into lumiflavin 
when alkali and light are used is not quantitative or consistent, 
varying amounts being destroyed depending on the amount taken. 
This latter fact may account for the low values obtained by Kuhn, 
Kaltschmitt, and Wagner-Jauregg (19) who report 15 to 17 y per 
gm. for livers and 0.6 y per gm. for musculature of normally 
nourished rats. Randoin et al. (24) give values for liver, kidneys, 
and heart of healthy adult rats as being 16.2, 15.5, and 9.39 y 
of riboflavin per gm. of tissue respectively. Their method was 
one by the use of which we were unable to obtain quantitative 
extraction. Determinations by the feeding method have hitherto 
not been reported in absolute units and, as conversion factors 
vary under different conditions, no attempt is made to compare 
those results with ours. The effect of different levels of intake of 
riboflavin on the amounts found in the tissues is discussed else- 
where.! 

SUMMARY 

Existing in vitro methods for the determination of riboflavin in 
tissues were found to be unsatisfactory either because the ribo- 
flavin was not quantitatively extracted or because substances 
interfering in the subsequent estimation of fluorescence were ex- 
tracted with it. A new method based on the enzymatic hydrolysis 


‘Van Duyne, F. O., and Sherman, H. C., in preparation. 
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of the tissue protein, extraction with water, and determination of 
the intensity of the fluorescence of the extract has been developed, 
tested, and described. 

All the present evidence indicates that the method here de- 
veloped for the extraction of riboflavin and its subsequent meas- 
urement in vitro is quantitative. 

The feeding method used and the in vitro method finally de- 
veloped gave values that were without significant difference. 
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Stephens and Hawley (1), Cuttle (2),and Butler and Cushman 
(3, 4) have observed a relatively high concentration of an ascorbic 
acid-like reducing substance! in the buffy layer of centrifuged oxa- 
lated blood. In normal subjects with plasma ascorbic acid con- 
centrations of 0.2 to 1.5 mg. per 100 cc., Butler and Cushman (4) 
observed concentrations of apparent ascorbic acid in the buffy 
layer of 29 to 43 mg. per 100 gm. They showed that this re- 
ducing property of the buffy layer of non-leucemic blood is lost 
with the appearance of scurvy and appears following the ad- 
ministration of ascorbic acid to scorbutic patients and that the 
reducing capacity of the buffy layer provides an index of physi- 
ologically significant vitamin C deficiency (4). These observations 
and conclusions have been confirmed by Crandon, Lund, and Dill 
(8) and by Mindlin (9). In patients with leucemia, the concentra- 
tion of a similar reducing substance in the buffy layer was found to 
be as high as 140 mg. per 100 gm. when the plasma ascorbic acid 
was but 0.2 mg. per 100 ce. 

The present paper presents further information on the occurrence 
of this reducing substance in the buffy layer of normal and leucemic 
blood and on the chemical and physiological evidence concerning 
its identity. 

EXPERIMENTAL 


Location and Non-Diffusibility of Reducing Substance—When 
10 ec. of normal blood are centrifuged in specially constructed 


1 The reduction was measured against 2,6-dichlorophenol indophenol or 
methylene blue under conditions used for the estimation of ascorbic acid 
(5-7, 4). 
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220 Reducing Substance in Buffy Layer 
tubes (4), the buffy layer separates into an upper pure white layer 
and a pinkish lower layer. As described by Wintrobe (10), the 
upper layer thus obtained consists almost entirely of platelets, 
while the lower pinkish layer is predominantly white cells to- 
gether with some platelets and a few red cells. Analyses of samples 
from these two layers of normal blood yield approximately the 
same concentrations of reducing substance in the two layers. 
Table I shows analyses of (1) the platelet and white cell portions 
of the buffy layer from two patients with pneumonia and leuco- 
cytosis, (2) the upper platelet portion of the buffy laver from 


TABLE I 


Apparent Ascorbic Acid Content of Platelet and White Cell Layers of Buffy 
Layer and Plasma of Centrifuged Oxalated Whole Blood and of White Cells 
of Spinal, Synovial, and Empyema Fluids 


Buffy layer 


Source Diagnosis Plasma 
Platelet White cell 
layer layer 
mg. per 100 \mg. per 100 mg. per 100 
gm gm cc. 
Whole blood Pneumonia 18 16 0.6 
se rT “< 19 17 0.0 
= te Postsplenectomy 30 0.9 
ee ee (ai 22 ] 0 
™ ‘5 Purpura 35 ‘I 
“e ‘¢ ‘e 28 0 9 
Spinal fluid 16 
Synovial fluid 5 


Empyema ‘“ 0 
two patients with postsplenectomy platelet counts of approxi- 
mately 750,000, and (3) the white cell buffy layer from two patients 
with thrombocytopenic purpura. The data indicate that the 
reducing substance is present in high concentration in both platelets 
and white blood cells. Analyses of white cells from spinal fluid, 
infected joint fluid, and empyema fluid also are shown in Table I. 
Analyses of white cells from walled-off pus have shown that such 
disintegrated cells do not contain the reducing substance. 

The marked difference in the reducing capacity of the platelets 
or white cells and of the plasma suggests that this property of these 
formed elements is dependent upon some constituent of a not 
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readily diffusible chemical complex. This suggestion is further 
substantiated by the data of Table II, which give the apparent 
ascorbic acid content of plasma, of buffy layer, and of whole blood 
from three leucemic patients and a normal subject. The whole 
blood analyses were carried out on filtrates obtained by three pre- 
cipitation procedures, (a) saturation of the blood with CO before 
precipitation with metaphosphoric acid, thus removing the oxy- 
hemoglobin before hemolysis occurs and preventing oxidation of 


Tase II 


Apparent Ascorbic Acid of Plasma, Buffy Layer, and Whole Blood, According 
to Method of Precipitation and As Calculated from Its Buffy Layer Content 





Alone 
Plasma Buffy layer Whole blood 

Buffy layer i Ree ne ee 
per 100 ce. ’ eo | From buffy 
of blood ‘Precipitation Precipitation! ~p + | Sulfate- - y 
with HPOs | with HPO: | CO-HPOs° | tungstatet | HPO# ~~ 

(1) (2) 3 | @ | ® | ©@ (7) 
mg. per 100 | mg. per 100 | mg. per 100 | mg. per 100 | mg. per 100 | mg. per 100 

a ce. gm. cc. ce. ce. ce. 

6.0 0.3 30 so) enrrr’ sé 1.8 

3.7 | 0.2 100 4.0 0.2 0 3.7 

6.5 0.3 100 eo: | 0.3 6.5 

0.6 1.0 30 1.0 0.7 | 0 0.2 





* CO saturation and HPO; precipitation (4) without oxidation of ascorbic 
acid. 

t Folin’s isotonic sulfate-tungstate precipitation (11) without oxidation 
of ascorbic acid. 

t HPO, precipitation with laking of oxidized red blood cells (4) and 
oxidation of ascorbic acid. 

§ Calculated from the cc. of buffy layer per 100 cc. of whole blood and 
from the apparent ascorbic acid content of the buffy layer. 





ascorbic acid during precipitation (4); (b) suspension of the blood 
in Folin’s isotonic sulfate-tungstate solution (11) followed by 
sulfuric acid which precipitates the protein without laking the 
cells or oxidizing ascorbic acid; and (c) direct precipitation of the 
blood with metaphosphorie acid, which hemolyzes the cells in the 
presence of oxyhemoglobin and oxidizes ascorbic acid. The data 
from this last precipitation procedure will be discussed later. 
From the ec. of buffy layer per 100 cc. of blood and the apparent 
ascorbic acid content of the buffy layer, the ascorbic acid content 
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of the whole blood due to its buffy layer content alone has been 
calculated and recorded in the last column of Table II. From 
the data, the following is apparent concerning the whole blood 
analyses. First, that analysis of the CO-HPO; filtrate includes 
the reducing capacity of the buffy layer. Second, the analysis of 
the isotonic sulfate-tungstate filtrate gives a reducing value that 
may be assumed to correspond closely with the combined plasma 
and red cell value (4) and does not include the reducing capacity 
of the buffy layer. This is particularly striking in the leucemic 
bloods in which, as shown by the data, 70 to 90 per cent of the 
apparent whole blood ascorbic acid is in the buffy layer. 

The lack of ready diffusibility of a reducing substance from 
the formed elements of the buffy layer to the surrounding medium 
is confirmed by the following experiment. A portion of the buffy 
layer from a sample of centrifuged whole blood was suspended in 
approximately 100 times its volume of isotonic sulfate-tungstate 
solution. After 20 minutes the mixture was centrifuged and 
the supernatant fluid decanted. This fluid, after the addition 
of sulfuric acid to precipitate the trace of protein, was centrifuged 
and the supernatant fluid analyzed for apparent ascorbic acid. 
The washed and centrifuged buffy layer was then ground with 
metaphosphoric acid and the filtrate analyzed. Another portion 
of the buffy layer from the centrifuged blood was ground directly 
with metaphosphoric acid and the filtrate analyzed. Analyses 
from such experiments are shown in Table III. They demonstrate 
that there was very little loss of reducing capacity to the super- 
natant fluid unless the buffy layer had stood for many hours before 
suspension in the isotonic solution. 

Characterization of Reducing Property of Normal and Leucemic 
Buffy Layers—We have previously shown (4) that the time curve 
of reduction of indophenol and the more specific reduction of 
methylene blue by metaphosphoric acid filtrates of the buffy layer 
of normal and leucemic subjects correspond to reduction due to 
pure ascorbic acid. 

As shown by the data of Table II in Column 6 under whole 
blood, the reducing capacity of both the normal and the leucemic 
buffy layer is destroyed by laking the oxidized red blood cells 
during precipitation. This loss, as shown by the data in Column 
4, can be prevented by saturating the blood with CO before and 
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during precipitation. In both respects the behavior is similar 
to that of ascorbic acid (4, 12-14). Furthermore, analyses of the 
reducing capacity of metaphosphoric acid filtrates of both normal 
and leucemic buffy layers by the usual procedure (4) and following 
treatment with ascorbic acid oxidase prepared according to the 
method of Fujita and Sakamoto (15) show that the reducing ca- 
pacity is completely destroyed by the ascorbic acid oxidase. 
Though the titration end-point of the Emmerie and van Eekelen 
method of whole blood analyses (13) is not altogether satisfactory 
in our hands, analyses of leucemic blood by that method gave, as 
expected (4), slightly higher values than were obtained by our CO 


TaBLeE III 
Mg. of Apparent Ascorbic Acid per 100 Gm. of Buffy Layer of Centrifuged 
Human Blood by Analyses of (a) the HPO; Filtrate of an Aliquot of the 
Buffy Layer (4); (0) the HPO, Filtrate of an Aliquot of the Buffy 
Layer Which Had Previously Been Suspended in 100 Parts of 
Folin’s Isotonic Sulfate-Tungstate Reagent for 20 Minutes 
and Then Centrifuged; and (c) the Tungstic Acid Fil- 
trate of the Sulfate-Tungstate Supernatant 
Fluid Thus Obtained 


Subject No. | Hms.after veni-| Buffylayer | WMlgyeruy | Sata 
' : (b) (ce) 
l 0.5 56 57 2 
48 53 41 13 
2 12 20 20 7 
24 23 ll 13 
3 0.5 14 16 0 


saturation method. The reducing substance in the buffy layer of 
leucemic blood, therefore, is not precipitated with mercuric acetate 
and is in this respect similar to the reducing substance in the 
buffy layer of normal blood. 

Thus the characterization of the reducing property of the buffy 
layers of normal and of leucemic bloods by the experiments out- 
lined above has failed to reveal any qualitative difference between 
the two and has indeed presented striking similarity. 

Physiological Identification—As mentioned in the introductory 
paragraph, this reducing property of the buffy layer of human non- 
leucemic blood is dependent upon the presence of ascorbic acid in 
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the diet, and its concentration in the buffy layer provides an index 
of physiologically significant vitamin C deficiency (4, 8,9). The 
data of Table IV supplement these findings. They show in ex- 
periments on guinea pigs the correlation between the daily intake 
of ascorbic acid, the concentration of apparent ascorbic acid in 
the buffy layer of the blood, and the assay of scorbutic changes 
in the incisor teeth as determined by histological examination by 
Dr. Otto Bessey (16). Such a correlation between the vitamin C 
nutritional state of humans and guinea pigs and the reducing 
property of the buffy layer indicates that the reducing capacity of 
the non-leucemic buffy layer is due either to ascorbic acid or to a 
substance metabolically associated with it. 


TABLE IV 


Correlation of Ascorbic Acid Ingested per Day by Guinea Pigs, Concentration 
of Apparent Ascorbic Acid in Plasma and Buffy Layer of Centrifuged 
Ozalated Blood, and Early Histological Signs of Scurvy in Incisor Teeth 


Apparent ascorbic acid 


ae Histological scurvy 
Plasma Buffy layer 

mg. mg. per 100 cc. mg. per 100 gm. 

0.00 0.0 0 TT 
0.25 0.0 0 ++ 
0.50 0.0 0 oe 
0.75 0.0 0 + 

1.00 0.0 10 ? 
10.00 0.1 17 Normal 


Osazone of Reducing Substance—Such physiological identifica- 
tion of the reducing substance of the buffy layer of leucemic blood 
has not been practical. However, the large volume of this layer 
in leueemic blood has provided the opportunity of purifying the 
2,4-dinitrophenylosazone which may be precipitated from the 
metaphosphoric acid buffy layer filtrates according to the pro- 
cedure of Roe and Hall (17). When the dinitrophenylosazone 
was dissolved in ethyl acetate, precipitated by addition of petro- 
leum ether, washed, dried, and weighed, the actual recovery varied 
from 45 to 30 per cent of that calculated from the apparent ascorbic 
acid concentration of the buffy layer. The melting points of these 
samples of osazone were not altogether satisfactory. Individual 
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samples obtained from two normal and four leucemic subjects 
varied from 244-252° (uncorrected), with a range of melting for 
any one sample of 2° or less. The recovery from pure ascorbic acid 
solutions by the same procedure was 70 per cent and the melting 
points of five samples ranged from 249-261° (uncorrected). The 
melting point obtained by Roe (18) for a product which had not 
been treated further than by thorough washing with water was 
957-259° (corrected). 

More satisfactory melting points were obtained when the 
phenylosazone was recrystallized from alcohol-acetone according 
to the method of Herbert etal. (19). By this method these workers 
and Drumm, Scarborough, and Stewart (20) and ourselves ob- 
tained a melting point of 280-282° (uncorrected) for the crystalline 
osazone prepared from solutions of pure ascorbic acid. The 
melting points of the osazone obtained from two lots of leucemic 
buffy layer were 280-281°, and 278-280°. A mixture of this last 
preparation and an osazone of pure ascorbic acid had a melting 
point of 280-282°. While a dinitrophenylosazone could be pre- 
cipitated from the buffy layer of blood from a normal subject, 
no such, precipitate could be obtained from the buffy layer of 
blood from a scorbutic patient which contained no apparent 
ascorbic acid. 

SUMMARY 

The reducing property of metaphosphoric acid extracts of the 
buffy layer of both normal and leucemic bloods fulfils the com- 
monly used criteria for ascorbic acid as defined by chemical re- 
actions. This property occurs in extracts of both platelets and 
white blood cells, and apparently is dependent upon some con- 
stituent of a not readily diffusible chemical complex. Its con- 
centration in the buffy layer of blood of non-leucemic humans and 
guinea pigs depends upon the presence of ascorbic acid in the 
diet and provides an index of physiologically significant ascorbic 


acid deficiency. 


We wish to express our indebtedness to Dr. Otto Bessey for his 
collaboration in the experiments on guinea pigs, to Dr. J. K. Wolfe 
for his assistance in the melting point determinations, and to Dr. 
Rulon Rawson of the Huntington Memorial Hospital, Boston, 
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Dr. C. P. Rhoads and Dr. L. Carver of the Memorial Hos- 
pital, New York, and Dr. B. O. Raulston, Dr. L. M. Leyi, 
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According to current views on the intermediary metabolism of 
carbohydrate, both thiamine and citric acid are significant factors 
in the oxidation of this foodstuff. Thiamine in its phosphorylated 
form has been shown (Banga, Ochoa, and Peters, 1939) to be 
required for the oxidative removal of the pyruvic acid produced in 
the course of carbohydrate breakdown. Likewise, according, to 
Krebs and Johnson (1937), some product (probably pyruvic acid) 
of carbohydrate metabolism reacts with oxalacetic acid to form 
citric acid which in turn yields carbon dioxide and a series of 
simpler dicarboxylic acids before the cycle is repeated. It might 
be expected, therefore, that the metabolic disturbance character- 
istic of thiamine deficiency would, in part, make itself felt in an 
alteration of the “‘citric acid cycle’ and thus possibly in a change 
in the rate of excretion of citric acid in the urine, inasmuch as it 
has been shown that even with an adequate allowance of thiamine, 
dietary carbohydrate exerts a definite influence on the urinary 
citric acid (Smith and Meyer, 1939). 

Studies have been carried out to determine whether or not a 
relationship between thiamine deficiency and the excretion of 
citric acid can be demonstrated. A marked increase in citric 
acid output in the urine of rats has been reported by Krusius 
and Simola (1938) and also by Krebs (1938). On the other hand 
Sober, Lipton, and Elvehjem (1940) indicate that severe thiamine 
deficiency is accompanied by a decrease in urinary citric acid, 
with a prompt rise of considerable magnitude when the experi- 
mental animals (rats) were realimented with thiamine. The data 
given in the present report have a bearing on this problem. 
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EXPERIMENTAL 


Eighteen normal rats weighing from 44 to 58 gm. were 
housed in separate metabolism cages and given a thiamine- 
1, casein’ 18, salts? 3, hydro- 


deficient diet consisting of sucrose 7 
genated fat’ 5, cod liver oil 2, yeast 15. Factors of the vitamin B 
complex other than thiamine which are needed by rats were 
provided by a yeast preparation obtained according to Kline, 
Tolle, and Nelson (1938): 50 gm. of dried yeast* were treated 
with 400 cc. of 0.1 per cent sodium sulfite and brought to pH 4.0 
with sulfur dioxide. After standing at room temperature for 
5 days, it was lyophilized’ and finally dried over P2O; in a vacuum 
desiccator, and ground to a powder. 

The funnels of the metabolism cages were washed down daily 
and the urine collections made in 3 or 4 day periods, at the end 
of which the rats were weighed and food intake determined. 

Citric acid was determined in the urine by the method of 
Pucher, Sherman, and Vickery (1936), the final measurement 
being made photoelectrically with a color filter with maximum 
transmission at 4250 A. 

Six of the rats (Group II) were given in addition to the thiamine- 
deficient diet 30 y of thiamine daily and their food intake was 
limited to that of a group of six rats (Group I) without thiamine 
for which they were paired, fed controls. At the end of seven 
periods (25 days) Group I was given 5 y of thiamine daily and 
the experiment on Group II was discontinued. Six other thi- 
amine-deficient rats (Group III) were at this time given 30 y of 
thiamine daily and paired fed for four periods (14 days) with the 
six receiving 5 y of thiamine daily. 

Twice the daily indicated intake of thiamine, dissolved in 0.2 ce. 
of water, was placed on top of the food every 2nd day. In Group! 
after the 5 y of thiamine were given, only slightly more food was 
put into the food cup than was consumed during the 2 day period 


1 Labco. 

2? Hubbell, Mendel, and Wakeman (1937). 

3 Crisco. 

‘ Northwestern Yeast Company. 

5 Through the courtesy of Mr. Harvey Merker, Parke, Davis and 
Company. 
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to insure complete consumption of the vitamin. The response in 
food consumption and in increased body weight shows the effect 
of the thiamine. 


Results 


That the basal diet was deficient in thiamine was shown by the 
stationary body weights or losses in weight of the rats without 
thiamine after experimental Period 4, while the addition of 5 y 
of thiamine per diem in Group I and 30 y in Group III was fol- 


TABLE I 

Average Excretion of Citric Acid 
The values are expressed in mg. per kilo of body weight per diem based 
on body weights at the beginning of the indicated period. Each group 
contained six rats. 


| 
| 


SO iaeg\isoniwea soa) sm malian ian Selce 
5 | Be | Seo | Be | Se | Bee | Seo | Seo | be | boo | Sw 
iW oW Ay eB ee ma By | Ba Pa aa ay 
I. Thiamine-free diet* | 86 |101 | 49 | 42 | 29 | 20 | 19 | 25 | 29 | 65 | 38 
II. Thiamine-free diet | 74 | 72 | 56 | 67 | 60 | 28 | 17 | | | 
+ 30‘y thiamine | 
dailyt | 
III. Thiamine-free diet?| 64 |105 | 64 | 58 | 42 | 37 | 29 | 21 | 62 | 55 | 27 


*5 y of thiamine were fed daily in Periods 8 to 11. 

t Paired with Group I as to food intake in Periods 1 to 7. 

t Paired with Group I as to food intake in Periods 8 to 11 but 30 y of 
thiamine in addition fed daily. 


lowed by prompt resumption of growth at rates of 1 to 3 gm. 
daily. 

In Table I are shown the changes in excretion of citric acid in 
the various groups of experimental animals. In Groups I and III 
there is a progressive decrease in the excretion of citric acid by 
the kidneys as the period of deprivation of thiamine is prolonged. 
Furthermore, upon realimentation with 5 y of thiamine in Group I 
and with 30 y in Group III, the output of citric acid increases 
again. However, that the excretion is a function rather of food 
intake than of the presence or absence of thiamine is indicated by 
the parallelism in the amounts of citric acid eliminated by the 
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rats of Group II when the calories ingested were the same as in 
Group I but 30 y per diem of thiamine were added. Again, when 
the energy intake is controlled as in the paired feeding of Groups I 
and III, the amount of thiamine consumed exerted little influence 
upon the citric acid excretion. 

The observations herein discussed do not agree with those of 
Krusius and Simola (1938), whose experimental ration apparently 
was deficient in several factors (see Sober, Lipton, and Elvehjem 
(1940)), nor with those of Krebs (1938), who did not give details of 
his investigation. Likewise, the present data do not support the 
contention of Sober, Lipton, and Elvehjem (1940) that thiamine 
deficiency per se is the cause of a decreased output of citric acid. 
Their experimental procedure differed from that herein described 
with respect to the details of the diets, though both would appear 
to be lacking the same essential. Also, there is a difference in the 
degree of deficiency imposed, only one of the animals in the present 
study showing polyneuritic spasms. However, while their table 
is not entirely clear, it does not seem that a real difference exists 
between the preconvulsive and the convulsive states when such 
data on individual rats can be compared. A question may also 
be raised regarding the use of rats fasted 24 hours to provide con- 
trols for the effect of food intake on citric acid excretion. It has 
been our experience that following a change in dietary régime, 
the excretion of citric acid shows a definite lag over a period of 
several days, seldom stabilizing during the first 3 days (see Smith 
and Meyer (1939)). Another question which should be raised is 
the influence of the acidosis during polyneuritic convulsions; the 
excretion of citric acid is extremely sensitive to the acid-base 
balance in the organism (see Smith and Orten (1937)), even citric 
acid itself when administered orally causing a decreased excretion 
of citrate (Kuether, Meyer, and Smith, 1940). The result, in 
this case, would likewise be to depress the output. 


SUMMARY 
A deficiency of thiamine in the diet results in decreased excre- 
tion of citric acid in the urine. However, the results of paired, 
feeding experiments indicate that this decrease is correlated with 
the diminished intake of food rather than with absence of thi- 


amine per se. 
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In a previous investigation by Ballou and Luck (1), the specific 
effects of different buffers on the pH optimum of taka-diastase 
activity and the relative activities of the enzyme at the pH optima 
and on the acid and alkaline sides of the optima were studied. 
The present work constitutes an extension of this investigation 
to B-amylase. The following ten buffers, in systems of constant 
ionic strength, were used: formate, acetate, propionate, butyrate, 
valerate, phenyl acetate, phthalate, succinate, phosphate, and 
citrate. In addition, the activity-pH relationship for a valerate 
buffer was determined, in which a constant total valerate concen- 
tration of 0.07 mM was maintained. This was done to permit 
comparison with the results obtained at constant ionic strength 
over the same pH range. 

Because of the pronounced effects of concentrated urea solu- 
tions on proteins, it was thought that it would be of interest to 
include in this work several runs in the presence of concentrated 
urea. Gerber (2) reported that, while low concentrations of 
urea had little effect on diastatie activity, there was marked re- 
tardation in higher concentrations. A concentration of 0.133 M 
urea was found to have a slight inhibitory influence on malt 
amylase at pH 4.5 by Filipowicz (3). In contrast with these 
results on amylase, several investigators (4-7) have reported that 
high concentrations of urea promote the action of the proteolytic 
enzymes, pepsin, papain, asclepain, and trypsin. 


EXPERIMENTAL 


Preparation of Buffers—-The proportions of buffer acid and 
sodium hydroxide to be mixed to obtain a desired pH and ionic 
233 
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strength were determined as described in the report on taka- 
diastase (1). Equations 3 and 4 of this previous work were 
employed in the present investigation to calculate the correct 
proportions of sodium hydroxide and potassium dihydrogen 
phosphate for the phosphate buffer mixtures; some phosphoric 
acid was added to obtain pH values lower than 4.5, in which 
region very little buffering occurred. For the valerate buffer 
mixtures of constant total valerate concentration (0.07 m), 0.76 
cc. of the anhydrous acid was mixed with variable amounts of 1.0 
N NaOH and diluted to 100 ce. 

Preparation of Substrate-Buffer Mixtures—The substrate-buffer 
mixtures were prepared in an identical manner to that reported 
in the work on taka-diastase (1), except that a final starch con- 
centration of 1 gm. of dry starch per 100 cc. of solution was used. 

The 2 M urea mixtures were prepared in the following manner. 
To a 100 cc. volumetric flask, calibrated for delivery, were added 
the desired volume of glacial acetic acid and 5 cc. of 1.0 N NaOH, 
50 ee. of starch solution containing 1 gm. of dry starch, 25 ce. of 
concentrated urea solution containing 12 gm. of urea, and suf- 
ficient redistilled water to bring the final volume to 100 ce. In 
the preparation of the 4 M urea mixtures, 40 cc. of starch solution 
containing 1 gm. of starch and 50 cc. of urea solution containing 
24 gm. of urea were pipetted into the 100 cc. volumetric flask. 

Preparation of B-Amylase—Several investigators (8-11) consider 
whole wheat flour an excellent source of 8-amylase, and report 
that hard winter wheat is in most respects superior to barley. 
The following modified procedure for the isolation of 8-amylase 
includes some steps that were suggested by the papers of Hanes 
and Cattle (12), van Klinkenberg (10), and Myrbiick and Orten- 
blad (13). 

100 gm. of wheat flour, prepared with a hand grist mill, were 
stirred slowly and thoroughly with 300 cc. of distilled water at 
room temperature for 4 hour. The thick suspension was then 
centrifuged to separate the coarser material. The centrifugate, a 
cloudy suspension of fine particles, was again centrifuged in 
cellulose nitrate tubes in an angle centrifuge for about 20 minutes 
at 4000 R.P.M. at a temperature of 0-5°. The centrifugate (about 
200 to 210 ec.) still had a slightly turbid appearance. The remain- 
ing steps in the procedure were carried out entirely in the cold 


room. 
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An equal volume of cold, redistilled, 95 per cent ethyl alcohol 
was added to the chilled centrifugate with stirring. Slow stirring 
was continued for several minutes after the addition of the alcohol. 
The best results were obtained when both alcohol and centrifugate 
were chilled thoroughly before mixing. During 15 minutes of 
standing a flocculent precipitate was brought down by the alcohol. 
This was centrifuged off with the angle centrifuge and discarded. 
To the clear centrifugate (about 385 ec.) 1.8 times its volume of 
cold 95 per cent alcohol was added slowly with stirring. This 
gave a final alcohol content of approximately 80 per cent by 
volume. The mixture was stirred slowly for several minutes 
and allowed to stand for 5 to 10 minutes, during which time a white 
flocculent precipitate settled out. 

The fraction coming down between 50 and 80 per cent alcohol 
concentration was considered to contain most of the B-amylase 
(10, 12, 13), and was centrifuged off. The rather well packed 
sediment in the centrifuge tubes was transferred to a small evap- 
orating dish, broken up into smaller particles, and desiccated in a 
high vacuum over phosphorus pentoxide, after removal of most of 
the aleohol by continuous pumping for from 1 to 2 hours. 

A creamy white, caked material was obtained after it had re- 
mained in the evacuated desiccator overnight. The material 
was pulverized and stored in a screw top bottle in the cold room. 
Approximately 0.9 gm. was obtained per 100 gm. of whole wheat 
flour. The enzyme powder dissolved readily in water and left’ 
only traces of insoluble material which settled to the bottom of the 
solution on standing for a few minutes. 

Its activity compared favorably with that reported by the 
investigators mentioned above (10, 12, 13), and on the whole this 
process was less complicated and more rapid. Several gm. of the 
material were prepared in a day. 1 mg. of the enzyme powder 
was found to produce, at 30° and in the presence of an acetate 
buffer at pH 5.0, 6.8 mg. of maltose per minute from 100 cc. of 1 
per cent starch solution, and 7.25 mg. per minute from a 2 per 
cent starch solution. 

Preparation of Reaction Mixture—25 mg. of B-amylase powder 
were dissolved in several cc. of redistilled water and diluted to 25 
ec. For each run 1 ce. of this enzyme solution was pipetted into 
a 250 cc. Florence flask, and the digestion carried out at 30° in a 
manner similar to that described in the work with taka-diastase (1). 
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A modified Willstatter-Schudel hypoiodite method (14, 15) was 
employed to follow the increase in reducing power of the digest. 
In several control experiments it was shown that the presence of 
2 m urea did not interfere with the stoichiometric oxidation of the 


carbohydrate reducing groups by the hypoiodite reagent. 


Re sults 


Fig. 1 presents the activity-pH curves for 8-amylase in the 
presence of formate, acetate, propionate, butyrate, and valerate 
buffers, and Fig. 2 the corresponding curves for pheny! acetate, 
phthalate, succinate, citrate, and phosphate buffers. The 
reciprocal of the time for the reduction of 2 cc. of 0.05 N I, by a5 
ec. aliquot of digest (equivalent to the production of about 26 
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Figs. 1 AND 2. Activity-pH curves for 8-amylase with the reciprocal of 
the time for the reduction of 2 cc. of 0.05 nN I, as the index of activity. 


per cent of the theoretical maltose) was accepted as the index of 
enzyme activity. 

Table I presents a list of the buffers and the corresponding pH 
optima for B-amylase and taka-diastase (1) at a constant ionic 
strength of 0.05. 

In Fig. 1 the pH optimum shifts slightly to the alkaline side, and 
the relative activity at the optimum diminishes gradually as one 
ascends the homologous series from formate to valerate. On the 
alkaline side of the pH optima the activity curves for the mono- 
basic acid buffers coincide, and lie slightly under those for the 
polybasic acid buffers. On the acid side of the optima, however, 
the saccharogenic activity of B-amylase varies appreciably with 
the buffer. Increase of carbon chain length of the buffer acid 
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exhibits a greater inhibitory influence on B-amylase than on taka- 
diastase (1) in the acid region. 

The curves for phosphate and citrate practically coincide. The 
relative activity of the enzyme at the optimum in the presence of 
the two aromatic buffers is less than that for the other buffers. 
The zones of optimum pH activity for B-amylase in the fatty acid 


TABLE | 


Summary of pH Optima for 8B-Amylase and Taka-Diastase in Presence of 


Different Buffers 












Buffer pH optimum pH optimum 
: for B-amylase for taka-diastase 

Formate 1.7 4.6-5.2 
Acetate 1.8 5.1 
Propionate 5.0 5.1 
Butyrate 5.0 5.1 
Valerate §.2 5.1 
Phenyl acetate 5.0 5.1 
Succinate 5.0 5.1-5.3 
Phthalate 5.3 5.4-5.6 
Citrate 1.54.9 5.1-5.3 
Phosphate $.5-4.8 
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Fig. 3. Activity-pH curves for 6-amylase in the presence of a valerate 


buffer. 


buffers are narrower than for taka-diastase, and slightly removed 
toward the acid side. 

Fig. 3 presents two markedly different activity-pH curves for 
B-amylase with a valerate buffer. The important observation in 
Fig. 3 is the wide deviation of the curves on the acid side of the 
optimum. Over the pH range of one curve, a constant ionic 
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strength of 0.05 was maintained, while the other curve was con- 
structed for a buffer of total, constant valerate concentration 
(0.07 m). The concentration of 0.07 m valerate was chosen be- 
cause it was the same as the total valerate concentration at the 
pH optimum of the activity at constant ionic strength. Wisansky 
(16) published two similar curves for invertase in an acetate buffer, 

That a specific buffer influence on the shape of the activity-pH 
curve exists is evident from the results obtained in this investiga- 
tion with 8-amylase, and from those of the previous study on taka- 
diastase (1). It can also be observed that the concentrations of 
the buffer constituents exert an appreciable effect. From the 
standpoint of an electrostatic association of the protein ion and the 
oppositely charged buffer ions, and on the assumption that the 
pH optimum coincides with the isoelectric point (17), it is not 
difficult to understand the relatively small influence of the variable 
buffer anions on the optimum pH. The observed shifts, however, 
may be accounted for by a reasoning somewhat similar to that 
advanced by Adair and Adair (18) and Tiselius and Svensson 
(19); namely, that near the isoelectric point the protein combines 
to some extent with the buffer ions, preferentially the anions. 
This argument assumes implicitly that 6-amylase and taka-diastase 
are proteins. 

On the alkaline side of the pH optima, where the amphoteric 
enzyme molecule is increasingly negative in charge, the buffer 
cation consists only of sodium ion for eight of the buffers, and of a 
mixture of sodium and potassium ions for the phthalate and phos- 
phate buffers. Hence, a coincidence of the activity curves is to be 
found in this region. On the acid side of the pH optima, it may be 
expected that specific influences would be in evidence by virtue 
of the differences in nature and size of the various oppositely 
charged buffer anions. 

The possibility of a specific action of the neutral buffer acid on 
the activity of the enzyme must also be considered. A decrease 
in pH for a given buffer necessarily involves an increasingly 
neutral acid concentration. It is possible that the relatively 
higher neutral acid concentration at lower pH values fosters an 
increasing rate of inactivation of the enzyme (and specifically so) 
on standing in solution; or it may be that the neutral acid molecules 
are adsorbed by the protein ions and thus interfere with their 


enzymic properties. 
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In Fig. 4 two activity-pH curves for B-amylase and an acetate 
buffer are presented, the lower one resulting from experiments in 
the presence of 2M urea. Owing to the greatly reduced activity 
in the presence of urea, it was found expedient to use as the index 
of activity the reciprocal of the time necessary for the reduction of 
1.40 ec. of 0.05 n I, by a 5 ee. aliquot of digest. Although the 
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Fic. 4. Activity-pH curves for 8-amylase with an acetate buffer in the 
presence of no urea and 2 M urea. 
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Fic. 5. Time curves for 8-amylase and an acetate buffer at the pH opti- 
mum in the presence of no urea, 2 M urea, and 4 M urea, 


activity was reduced by the urea, the curves remained approxi- 
mately parallel, with practically no shift in the pH optimum. 

Three time curves are plotted in Fig. 5 which illustrate the 
relative activity of B-amylase at its pH optimum in the presence 
of no urea, 2 M urea, and 4M urea. The number of cc. of 0.05 
n I, reduced by a 5 ce. aliquot of digest is plotted against the time 
in minutes. These results agree with the findings of Gerber (2) 
and Filipowicz (3). 
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SUMMARY 


1. The influence of a number of different buffers on the activity 
of B-amylase at 30° and an ionic strength of 0.05 was investigated 
over an approximate pH range of 3.8 to 6.2. 

2. The pH optima for 8-amylase activity in the presence of 
formate, acetate, propionate, butyrate, valerate, phenyl! acetate, 
succinate, phthalate, citrate, and phosphate were determined. 

3. Variation of the buffer anion was without significant influence 
on the relative activity of 6-amylase at the pH optima, except fora 
slight inhibitory effect of phenyl acetate and phthalate. 

4. The activity-pH curves approximately coincided on the 
alkaline side of the pH optima, whereas on the acid side a marked 
specific buffer influence was manifested. 

5. A rapid and convenient method is described for the prepara- 
tion from hard winter wheat of B-amylase in the form of an 
active, water-soluble powder. 

6. High concentrations of urea were found to inhibit the sac- 
charogenic action of 8-amylase on starch. 
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VITAMIN E ACTIVITIES OF SOME COMPOUNDS 
RELATED TO a-TOCOPHEROL 


By MAX TISHLER ann HERBERT M. EVANS 


(From the Research Laboratory of Merck and Company, Inc., Rahway, New 
Jersey, and the Institute of Experimental Biology, University of 
California, Berkeley) 


(Received for publication, February 6, 1941) 

During the course of an extensive investigation of the anti- 
hemorrhagic activity of vitamin K-like substances, certain syn- 
thetic methods were developed which made it possible to prepare 
some interesting compounds closely related to a-tocopherol 
(1-3). These compounds have been tested for vitamin E activity, 
and a discussion of the results is now presented. 
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H.C ee OH 


Y—CH.CH,CCH,C;;sH 








CH, 





(I) 


At the outset of the investigation the preparation of pure 
a-tocopherylquinone (I) was undertaken, as the biological ac- 
tivity of this compound has been a matter of some discussion (4). 
More recent results from various laboratories (5), however, indi- 
cate that a-tocopherylquinone shows no vitamin E activity at 
doses up to 30 mg. as compared to 3 mg., the active dose of a- 
tocopherol. Inasmuch as the method of isolating and purifying 
the quinone developed in the Merck laboratory (6) differs from 
those previously described, the present assays have a significant 
bearing on the problem. 

Our method of isolating a-tocopherylquinone utilizes the fact 
that its hydroquinone is sparingly soluble in petroleum ether, 
and, as in the purification of vitamin K, (7), the hydroquinone 
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may be obtained in a high state of purity by repeated washings 
with this solvent. The pure dihydro form can then be converted 
to the quinone by mild oxidation. Samples of tocopherylquinone 
purified in this manner showed no vitamin E activity in doses as 
high as 100 mg., as shown in Table I. 

The inactivity of a-tocopherylquinone at high dose levels is 
striking, considering the ease with which this quinone can be 
quantitatively reconverted to a-tocopherol by heating with acidic 
reducing agents for a short time. 


TABLE I 


Summary of Vitamin E Assays* 


Compound a ae td No. of litters 
|} tions 
mg 
a-Tocopherylquinone (I) 15 | gs | 8 0 
100 | 8 8 0 
2,3,5-Trimethyl-6-phytyl-1, 4-benzo- 25 8 8 0 
quinone (II) 100 6 5 l 
a-Tocopherol prepared from 2,3,5- 3 7 l 6 (1 poor) 
trimethy]-6-phytyl-1, 4-benzoqui- 
none 
a-Tocopherol prepared from a-toco- 3 ) 3 6 
pherylquinone 
Naphthotocopherol (III) 25 7 0 7 (1 poor) 
10 7 5 2 (Poor) 
2,3,5-Trimethyl-6-(dihydrophyty])- 25 7 7 0 


1,4-benzoquinone (IV) 
* The assays were carried out at the University of California. 


Owing to the pronounced tendency of a-tocopherol to undergo 
an irreversible oxidation to a-tocopherylquinone, it seems possible 
that a large portion of this vitamin is changed during metabolism 
to the inactive tocopherylquinone or one of its further transforma- 
tion products. This deactivation may account for the fact that 
the curative dose of a-tocopherol is so much larger than those 
found for the other known vitamins. 

Inasmuch as no two other vitamins are so similar from a struc- 
tural and synthetic point of view as are vitamin K, and a-toco- 
pherol, it seemed of interest to assay the benzo analogue of vitamin 
K,; namely, 2,3 ,5-trimethyl-6-phytyl-1 ,4-benzoquinone (II) (3). 
The latter, prepared by the condensation of 2,3 ,5-trimethyl- 
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1,4-benzohydroquinone and phytol under mild conditions, is 
readily converted by acidic reducing agents to a-tocopherol. This 
conversion, the basis of a new synthesis of a-tocopherol, was 
established by chemical methods (3) and by biological assays. 
The trimethylphytylbenzoquinone, however, showed no activity 
at a dose of 100 mg. It is apparent that, as in the case of a- 
tocopherylquinone (I), the animal body cannot transform the sub- 
stance to a-tocopherol by reduction and cyclization. 





OH O 
| | 
no \ -CH; H+ (O) H;C— CH; 
+ phytol —» -—-> | | 
H;C- \Js ae 
CH; 
OH Oo 
1. Reduction | (II) 
2. Cyclization 
HO— 
H;C CisHas 
CHs 
a-Tocopherol 
O OH 
| 
A\)-on fe Racal 
2H | | 
| | 
‘ Ww—rlo Ht i! 
. — =( 9 
O CH; O 
CH; CwHs 
(IIT) 


Like 2,3 ,5-trimethyl-6-phytyl-1 ,4-benzoquinone (II), vitamin 
K, may be converted by acidic reducing agents to naphthoto- 
copherol (III) (8) which has moderate vitamin E activity. This 
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substance, the first chroman containing the naphthalene nucleus 
to be assayed, is completely active at a dose of 25 mg., but only 
slightly so at 10 mg. Naphthotocopherol, as has been previously 
reported, also shows a slight vitamin K activity (8), its effective 
dose in the chick assay being about 500 times that of vitamin K,, 

The fourth compound of this series to be examined was 2,3,5- 
trimethyl-6-(6,y-dihydrophytyl)-1 ,4-benzoquinone (IV) (3). This 
compound was selected in view of the possibility that during 
the metabolism of a-tocopherol a reductive cleavage might occur 
to yield the biologically active hydroquinone (V) which may then 
function as part of an oxidation-reduction system. ‘There appears 
to be no foundation for this possibility, as the benzoquinone (IV) 
was found to be ineffective at a dose of 25 mg. (Table I). 


CH OH 
) ; ‘Hs 
Ht C..He 9 H,¢ CHs 
H;C H,C CH.CH.CHC Hg; 
‘ 4) ° 
CH; CH; CH; 
OH 
H!|}o 
O 
H.C CH; 
H.C CH.CH.CHC, Hs 
CHs 
4) 
(IV) 


The chemical similarity of vitamin K, and a-tocopherol sug- 
gests that the two substances may have a somewhat similar origin 
in nature. It is conceivable that in the biogenesis of both phytol 
condenses with the simple benzohydroquinone or naphthohydro- 
quinone, as in the laboratory, to give the corresponding phytyl- 
hydroquinones. The naphthohydroquinone derivative because 
of its low oxidation-reduction potential (9) and ease of dehydrogen- 
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ation in air to vitamin K; may then escape cyclization to naphtho- 
tocopherol. The benzohydroquinone analogue, however, being 
much more stable in air (higher oxidation-reduction potential 
and slower rate of air oxidation) would be more disposed to undergo 
cyclization to a-tocopherol. It is interesting to note that a- 
tocopherol and vitamin K, frequently occur together in plants. 
Possibly naphthotocopherol will be found present to some extent 
as a component of vitamin E concentrate. It should be pointed 
out that the activity of naphthotocopherol is about one-third that 


of B- and y-tocopherol. 


SUMMARY 

1. Neither pure a-tocopherylquinone nor 2,3,5-trimethyl-6- 
phytyl-1 ,4-benzoquinone exhibits any vitamin E activity at 
dose levels of 100 mg., notwithstanding the fact that both sub- 
stances may be readily converted to a-tocopherol in the laboratory 
by acidic reducing agents. 

2. 2,3,5-Trimethyl-6- (8 ,y-dihydrophytyl) - 1 ,4-benzoquinone 
has no vitamin E activity at a dose of 25 mg. 

3. Naphthotocopherol, prepared from vitamin K,, has moderate 
vitamin E activity. 
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AZLACTONES 
IV. SYNTHESIS OF a-AMINO-8-THIOL-n-BUTYRIC ACIDS 
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(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana) 


(Received for publication, January 10, 1941) 


In previous papers (1, 2) Carter et al. described the preparation 
of benzoyl-a-aminocrotonic acid azlactone I. This compound 
reacts with sodium methylate to give an addition product con- 
sisting almost entirely of benzoyl-dl-O-methylthreonine (1). 
Our object in the present work was to study the reaction of the 
azlactone with benzyl mercaptan, and to attempt the conversion 
of the addition product into a-amino-f-thiol-n-butyric acid. It 
has been suggested (3) that this amino acid may be an intermediate 
in the conversion of methionine into cystine. 

Nicolet (4) and others (cf. Mayo and Walling (5)) have studied 
the addition of mercaptans to a ,§-unsaturated ketones and esters. 
Nicolet (6) has also described the addition of p-tolyl mercaptan 
to benzoyl-a-aminocinnamic acid azlactone. In the last reaction, 
no mention was made of yields nor of the possibility of obtaining 
a mixture of the two racemic forms of the addition product. 

From the reaction of benzyl mercaptan and benzoyl-a-amino- 
crotonic acid azlactone I we obtained a mixture of benzoyl-dl- 
a-amino-§-benzylthio-n-butyric acids A and B!' in 80 per cent 
yield. The composition of the mixture varied with the reaction 
temperature. At —30° approximately 70 per cent of Benzoyl 


1 Two racemic a-amino-8-thiol-n-butyric acids are possible, correspond- 
ing to dl-threonine and dl-allothreonine. Since we have not determined 
the configuration of these thiolamino acids, it is not possible to assign them 
names expressing their structural relationship to threonine. In this paper 
the benzoyl-dl-a-amino-8-benzylthio-n-butyric acid melting at 145-147° 
and the compounds derived from it will be designated by A; the isomeric 
compounds by B. For the sake of brevity the benzoyl-a-amino-§-benzyl- 
thio-n-butyric acids will be called Benzoyl Derivatives A and B, and the 
a-amino-§-thiol-n-butyric acids will be called Amino Acids A and B. 
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Derivative A and 30 per cent of Benzoyl Derivative B were ob- 
tained. At +10° the product consisted of approximately 55 per 
cent of Benzoyl Derivative A and 45 per cent of Benzoyl Deriva- 
tive B. The benzoyl derivatives were separated in excellent 
yield by conversion to the $-phenethylamine salts. As in the 
case of similar compounds (7), the more soluble, lower melting 
benzoyl derivative gave the less soluble, higher melting §-phen- 
ethylamine salt. 

We investigated also the addition of benzyl mercaptan to methyl 
benzoyl-a-aminocrotonate. The yield and composition of the 
resulting product were the same as those obtained from the azlac- 


tone under similar conditions. 


O 
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Benzoyl Derivatives A and B were converted to Amino Acids A 
and B, respectively, by removing first the benzoyl group, then the 
benzyl. Due to their insolubility the benzoyl derivatives were not 
readily hydrolyzed by refluxing in aqueous hydrochloric acid. 
However, in a mixture of hydrochloric and formic acids the hy- 
drolysis proceeded smoothly. The benzyl groups were removed 
by reduction with sodium in liquid ammonia (8). The amino 
acids obtained were characterized by reconversion to the original 
benzoyl-a-amino-8-benzylthio-n-butyric acids. 

The reactions involved are shown in the accompanying 
equations. 

Each of the a-amino-§-thiol-n-butyric acids gives the char- 
acteristic sulfhydryl tests (nitroprusside, ferric chloride, copper 
sulfate), reduces the theoretical amount of iodine when titrated 
in 90 per cent acetic acid (9), and yields theoretical nitrogen values 
in the Van Slyke determination when potassium iodide is added 
to the reagent (10). Each of the amino acids gives the char- 
acteristic color when Lugg’s (11) modification of the Sullivan 
test for cystine is used. When compared in a Cenco-Sanford- 
Sheard photoelectric colorimeter, with the green filter, Amino 
Acid B gave approximately the same intensity of color as an 
equivalent amount of cysteine, while Amino Acid A gave only 
20 per cent as much. 

EXPERIMENTAL 

Addition of Benzyl Mercaplan to Azlactone I—5 gm. of sodium 
were dissolved in | liter of anhydrous methyl alcohol and 118 ce. 
of benzyl mercaptan were added. The reaction mixture was 
stirred and kept at 5-10°, while a solution of 187 gm. of benzoyl- 
a-aminocrotonic acid azlactone I in 1 liter of benzene was added 
slowly. After the addition was completed, the cooling bath was 
removed and the solution was stirred for 1 hour. The solution 
was acidified to Congo red with 0.5 N hydrochloric acid and was 
concentrated to a syrup in vacuo. The syrup was dissolved in a 
hot mixture of 2500 cc. of glacial acetic acid, 750 cc. of concentrated 
hydrochloric acid, and 1500 cc. of water. The solution was 
refluxed for 50 minutes and allowed to cool overnight. The 
crystalline precipitate was removed by filtration and washed with 
50 per cent acetic acid and then with water, yielding 230 gm. (70 
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per cent) of a mixture of Benzoyl Derivatives A and B. The 
neutral equivalent of this material was 330 (calculated, 329). 

An additional 35 gm. (10 per cent) of benzoyl derivative were 
obtained by concentrating the mother liquor to dryness in vacuo, 
benzoylating the residue with 35 cc. of benzoyl chloride and 350 
cc. of 2 N sodium hydroxide, and isolating the benzoyl! derivatives 
in the usual manner. 

Addition of Benzyl Mercaptan to Methyl Benzoyl-a-A mino- 
crotonate—When pure methyl benzoyl-a-aminocrotonate I was 
treated with benzyl mercaptan exactly as described for the azlac- 
tone, the product obtained was identical in yield and composition. 

The methyl! ester used in this experiment was prepared by dis- 
solving 14.2 gm. of benzoyl-a-aminocrotonic acid I in 75 cc. of 
absolute methyl alcohol containing 5 ec. of concentrated sulfuric 
acid. The mixture was refluxed for 2.5 hours, allowed to stand 
overnight, and then poured onto ice. The precipitate was re- 
moved by filtration, dissolved in ether, and extracted quickly with 
cold dilute sodium hydroxide. The ether solution was dried and 
the ether was evaporated. The residue was recrystallized from 
high boiling petroleum ether, giving 10.6 gm. (70 per cent) of 
methyl benzoyl-a-aminocrotonate I, melting at 78-80°. 


CoH )sN. Calculated, N 6.39; found, N 6 16 


Hydrolysis of the ester yielded pure benzoyl-a-aminocrotonic 
acid I. 

Separation of Benzoyl Derivatives A and B—100 gm. of the mix- 
ture of Benzoyl Derivatives A and B were extracted with 800 ce. 
and 200 cc. portions of boiling benzene. The residue consisted of 
26 to 30 gm.’ of practically pure Benzoyl! Derivative B, melting at 
178-185° and giving a neutral equivalent of 330. This material 
was recrystallized from a mixture of 400 ec. of benzene and 35 ce. 
of absolute alcohol. After cooling for several days, 22 gm. of 
material melting at 181—186° were obtained. 

C,sH,;sO;NS. Calculated, N 4.26; found, N 4.38 

The 8-phenethylamine salt of this compound was prepared as 

described below. After two recrystallizations, the melting point 


? When the addition of benzyl mercaptan was carried out at —30°, only 
14 gm. of Benzoyl Derivative B were obtained at this point, although the 
total yield was the same. 
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of the salt was unchanged (147-150°), and the recovered Benzoyl 
Derivative B melted at 181-187°. These data leave no doubt as 
to the purity of the compound. 

The combined benzene extracts described above were cooled, 
and 65 gm. of a mixture of Benzoyl Derivatives A and B melting 
at 138-170° were obtained. This material was dissolved in 800 
ee. of hot ethyl acetate, and 25 cc. of 8-phenethylamine were added 
with stirring. After 3 hours at room temperature, the mixture 
was filtered. The product (76 gm.) was dissolved in a hot mixture 
of 500 cc. of ethyl acetate and 200 cc. of absolute aleohol. The 
solution was cooled several hours, giving 66 gm. of the 8-phen- 
ethylamine salt of Benzoyl Derivative A, melting at 166-168°. 
The melting point of the salt was not raised by further recrystal- 
lization. 

The salt was suspended in 1 liter of ether in a separatory funnel 
and 200 ec. of 10 per cent hydrochloric acid were added. The 
suspension was shaken vigorously until the salt was decomposed. 
The ether layer was separated, dried, and evaporated to dryness. 
The residue was recrystallized from 800 cc. of benzene, giving 
42 gm. of Benzoyl Derivative A melting at 145-147°. 

C,sH,sO;NS. Calculated. N 4.26, neutral equivalent 329 
Found. ** 4.20, = 1 329 


The two filtrates from the amine salts were combined and 
evaporated. The residue was decomposed as above, giving a mix- 
ture of Benzoyl Derivatives A and B. This was extracted with 
200 ec. of boiling benzene, leaving a residue of 8 gm. of pure Ben- 
zoy| Derivative B. The benzene filtrate on cooling deposited 10 
gm. of a mixture of benzoyl derivatives which was added to the 
next run. 

Hydrolysis of Benzoyl Derivatives A and B—16.5 gm. of Benzoyl 
Derivative B were suspended in a mixture of 250 cc. of commercial 
85 per cent formic acid, 250 ec. of concentrated hydrochloric acid, 
and 250 ec. of water. The mixture was refluxed vigorously for 
4 hours, at which time some solid was still undissolved. The 
mixture was evaporated in vacuo to dryness, and extracted with 
two 200 cc. portions of hot high boiling petroleum ether. The 
residue was extracted with 200 cc. of hot water and filtered from 
5.9 gm. of unchanged Benzoyl Derivative B. The aqueous solu- 
tion was neutralized with ammonium hydroxide, concentrated to 
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approximately 50 cc., and cooled overnight. The precipitate was 
removed by filtration and washed, yielding 5.1 to 5.5 gm. (70 to 
75 per cent) of a-amino-6-benzylthio-n-butyric acid B melting 
with decomposition at 202-204°. 


C,,H,;;O2NS. Calculated, N 6.22; found, N 6.09 


Benzoyl Derivative A was hydrolyzed by the same procedure, 
except that the reaction mixture was refluxed only 3 hours. On 
extraction with hot water 4.8 gm. of unchanged Benzoyl! Deriva- 
tive A remained. 6.0 gm. (75 per cent) of a-amino-§-benzylthio- 
n-butyric acid A, melting with decomposition at 197—199°, were 
obtained on neutralization and concentration of the filtrate. 


C,,HyO.NS. Calculated, N 6.22; found, N 6.17 


Reduction of the a-Amino-8-Benzylthio-n-Butyric Acids—15 gm. 
of a-amino-§-benzylthio-n-butyric acid B were dissolved in 250 
ec. of liquid ammonia and treated with small pieces of sodium in 
the usual manner. Slightly more than 2 moles of sodium per mole 
of amino acid were required to produce a permanent blue color. 
Ammonium chloride was added in small portions until the blue 
color disappeared and then an additional 7 gm. were added. The 
ammonia was allowed to evaporate, the last traces being removed 
in vacuo. 250 ec. of ether and 5 ec. of concentrated hydrochloric 
acid were added. ‘The solid material was broken up thoroughly 
and the flask was warmed on the steam cone for a few minutes. 
The ether was decanted and the residue was extracted again with 
ether. Subsequent operations were carried out in an atmosphere 
of nitrogen. The residue was extracted with three 100 ec. por- 
tions of warm absolute alcohol containing a few drops of concen- 
trated hydrochloric acid. The combined alcohol extracts were 
concentrated to dryness in vacuo. The residue was dissolved in 
80 ec. of absolute alcohol and 800 cc. of anhydrous ether were 
added. The flask was cooled overnight and the precipitate was 
removed, washed with ether, and dried, giving 9.8 gm. of almost 
pure hydrochloride of Amino Acid B. This was dissolved in 300 
ec. of aleohol and 3.8 ec. of concentrated ammonium hydroxide 
were added. On cooling, 6.4 gm. (71 per cent) of pure Amino 
Acid B, melting with decomposition at 203-204°, were obtained. 


C,H,O.NS. Calculated. N 10.36 
Found. *€ 10.51 (Dumas); N 10.47 (Van Slyke) 
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Titration with iodine in 90 per cent acetic acid gave a sulfhydryl 
content of 97 per cent. 

Amino Acid A was obtained by the same procedure. 15 gm. 
of a-amino-§-benzylthio-n-butyric acid A were dissolved in 400 
ec. of liquid ammonia. When sodium was added, a purple color 
appeared and then a copious white precipitate separated, necessi- 
tating stirring by hand. The precipitate disappeared on addition 
of ammonium chloride. 10.6 gm. of the hydrochloride of Amino 
Acid A were obtained. This gave 6.7 gm. (75 per cent over-all 
yield) of Amino Acid A, melting with decomposition at 203-205°. 


C,H»sO.NS. Calculated. N 10.36 
Found. ** 10.35 (Dumas); N 10.30 (Van Slyke) 

[odine titration in 90 per cent acetic acid gave a sulfhydryl 
content of 98 per cent. 

Conversion of Amino Acids A and B to Benzoyl Derivatives A and 
B, Respectively—1.35 gm. of pure Amino Acid A were dissolved in 
100 cc. of liquid ammonia, and metallic sodium was added until 
the characteristic blue color appeared. The blue was just removed 
with ammonium chloride, and 1.5 cc. of benzyl chloride were added. 
The ammonia was evaporated, and the residue extracted with 
ether and dissolved in 50 cc. of water. The solution was acidified to 
Congo red, filtered, and neutralized to litmus with ammonium 
hydroxide. When concentrated and cooled, 1.7 gm. of a-amino-6- 
benzylthio-n-butyric acid A were obtained. 1.12 gm. of this 
material were dissolved in 7.5 ec. of 1 N sodium hydroxide and 
treated with 2.1 gm. of benzoyl chloride and 35 cc. of 1 N sodium 
hydroxide in the usual manner. The resulting solution was acidi- 
fied to Congo red. The precipitate was removed by filtration, 
washed, dried, and extracted with hot high boiling petroleum 
ether. The product consisted of 1.4 gm. (64 per cent over-all 
yield) of Benzoyl Derivative A melting at 143—145°. 

By exactly the same procedure Amino Acid B was converted 
to Benzoy! Derivative B, melting at 177—182°, in 62 per cent over- 


all yield. 
SUMMARY 


1. A mixture of the benzoyl-a-amino-§-benzylthio-n-butyric 
acids is obtained in 80 per cent yield by the addition of benzyl 
mercaptan to benzoyl-a-aminocrotonic acid azlactone I. The 
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two benzoyl derivatives are readily separated through the 6-phen- 
ethylamine salts. 

2. The a-amino-§-thiol-n-butyriec acids are prepared in 50 per 
cent yield from the corresponding benzoyl-a-amino-§-benzylthio- 





n-butyric acids. 
3. Some properties of the thiolamino acids are described. 
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Vv. PREPARATION OF BENZOYL-a-AMINOCINNAMIC ACID AZLAC- 
TONES I AND II. THE USE OF 8-PHENETHYLAMINE IN THE 
PURIFICATION OF a-AMINO-8-METHOXY (HYDROXY) ACIDS 


By HERBERT E. CARTER anv WILLIAM C. RISSER 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana) 


(Received for publication, January 16, 1941) 


Carter and Stevens (1) obtained two benzoyl-a-aminocrotonic 
acid azlactones on treating benzoyl-dl-O-methylallothreonine with 
acetic anhydride. This was the first reported isolation of the 
geometric isomers of an a,f-unsaturated azlactone. In a con- 
tinuation of this work we have obtained the corresponding ben- 
zoyl-a-aminocinnamic acid azlactones by the action of acetic 
anhydride on benzoyl-dl-O-methylphenylserine B.! 


O 
Ac;0 O 
C,.H;CH a CH —CO,H _—> C.,H;CH==C—C 
| | pry 
OCH; NH N oO 
| YQ 7 
co C 
| | 
C.H; C.Hs 


Benzoyl-a-aminocinnamic acid azlactone I,? melting at 165- 
166°, has been studied extensively by Erlenmeyer (3, 4). Azlac- 
tone II? melting at 146-148° has not been described previously. 


1 Two benzoyl-dl-O-methylphenylserines, melting at 153-154° and 220- 
222° respectively, were described by Carter and Van Loon (2). The lower 
melting benzoyl derivative and the corresponding amino acid will be desig- 
nated by A; the isomeric compounds by B. 

* For convenience the azlactone melting at 165-166° and the benzoyl-a- 
aminocinnamic acid and ester derived from it will be designated as I; the 


isomeric azlactone, acid, and ester will be designated as II. 
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Azlactone I is stable, while Azlactone II is rapidly converted into 
Azlactone I by the action of pyridine at room temperature. In 
this respect the cinnamic acid azlactones resemble the crotonic 
acid azlactones. However, benzoyl-a-aminocinnamic acid azlac- 
tone II is much more stable toward heat than is the corresponding 
benzoyl-a-aminocrotonic acid azlactone. It should be noted that 
a shift in the position of the double bonds in benzoyl-a-amino- 
cinnamic acid azlactone is not possible. Therefore the two forms 
must be geometric and not structural isomers. 

In view of the similar results obtained in the two cases studied, 
it seems probable that a-amino-8-methoxy (hydroxy) acids will 
generally yield two isomeric a,§-unsaturated azlactones when 
treated with acetic anhydride. 

Considerable difficulty was encountered in purifying benzoyl- 
a-aminocinnamic acid azlactone II, since it is more soluble than 
Azlactone I and is present in smaller amounts in the reaction 
product. Attempts to purify Azlactone II by fractional crystal- 
lization were unsuccessful, yielding products melting between 
125-140°. However, relatively pure Azlactone II was obtained 
by another method. Preliminary studies had shown that benzoyl- 
a-aminocinnamic acid I and both of the benzoyl-a-aminocrotonic 
acids are converted into the corresponding azlactones with little 
or no isomerization. Therefore pure benzoyl-a-aminocinnamic 
acid azlactone I and crude Azlactone II were carried through the 


reactions shown in the equations. 


; 0 
C.H;CH==C—C >C,.H,;CH=C—CO.Et — C,H;CH=< CO.H 
N O NH NH 
( CO CO 
C.H C,H C,H 


Azlactone I yielded a single ethyl benzoyl-a-aminocinnamate 
(Ester I, melting at 147-149°) and a single benzoyl-a-aminocin- 
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namic acid (Acid I, melting at 229-230°). Erlenmeyer (3) has 
prepared these compounds by less satisfactory methods. Crude 
Azlactone II gave a mixture of ethyl benzoyl-a-aminocinnamates 
[ and II, from which a considerable amount of Ester I was sepa- 
rated. The residue, on hydrolysis, yielded a mixture of benzoyl- 
a-aminocinnamic acids from which Acid II, melting at 199-200°, 
was obtained ina pureform. On treatment with acetic anhydride, 
Acid II yielded Azlactone II, melting at 146-148°. A mixture of 
Azlactones I and II melted at 125-135°. It would appear, there- 
fore, that this method yields relatively pure benzoyl-a-amino- 
cinnamic acid azlactone II. 

In a further extension of the work we have studied the reaction 
of benzoyl-dl-O-methylphenylserine A and of benzoy]l-dl-O-methyl- 
threonine with acetic anhydride. These compounds yield ap- 
proximately the same mixture of azlactones as do their respective 
diastereoisomers. 

In the preparation of the benzoyl-dl-O-methylphenylserine A 
used in this work, it was discovered that the material melting at 
153-154° is not entirely free of Benzoyl Derivative B, and that it 
cannot be purified further by recrystallization. Im an effort to 
obtain pure benzoyl-dl-O-methylphenylserine A the properties of 
certain derivatives were investigated. It was discovered that the 
8-phenethylamine salts of benzoyl-dl-O-methylphenylserines A and 
B are beautifully crystalline solids which are readily recrystal- 
lized. Furthermore, there is a striking reversal in the relative 
solubility of the isomers in going from the benzoyl] derivatives to 
the salts. The more soluble, lower melting benzoyl derivative 
gives the less soluble, higher melting 6-phenethylamine salt, thus 
furnishing a simple method of purifying Benzoyl Derivative A. 
The pure compound thus obtained melts sharply at 166—167°. 

The same reversal in relative solubility and melting points of 
the free acids and their 6-phenethylamine salts was observed in 
the following pairs of isomers: N-benzoylthreonine and N-benzoyl- 
allothreonine; benzoyl-O-methylthreonine and benzoyl-O-methyl- 
allothreonine; carbobenzoxy-dl-O-methylphenylserines A and B. 
We have recently used this effect to advantage in preparing the 
two dl-a-amino-§-thiol-n-butyric acids. It seems possible that 
8-phenethylamine may be generally useful in separating diastereo- 
isomers of this type. 
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EXPERIMENTAL 


Azlactonization of Benzoyl-dl-O-Methylphenylserines A and B— 
15 gm. (0.05 mole) of benzoyl-dl-O-methylphenylserine B were 
suspended in 75 cc. of acetic anhydride and the mixture was heated 
on the steam cone until the benzoyl derivative had dissolved (10 
to 15 minutes). The solution was cooled in an ice bath, giving 6 
to 7 gm. of benzoyl-a-aminocinnamic acid azlactone I. The 
filtrate was poured into ice water with vigorous stirring. A light 
yellow solid slowly separated as the acetic anhydride hydrolyzed. 
This material was removed by filtration, washed with water, and 
air-dried, yielding 4.6 gm. of a somewhat sticky solid melting at 
124-130°. Recrystallization of this product from benzene, ben- 
zene-alcohol, or benzene-petroleum ether gave impure benzoyl-a- 
aminocinnamic acid azlactone II melting between 124-140°. 

Several variations in the procedure were tried without ap- 
preciably increasing the amount of Azlactone II obtained. The 
yield of Azlactone II is decreased if the heating is prolonged or if 
large quantities of benzoyl derivative are worked up at one time. 

Benzoyl-dl-O-methylphenylserines A and B are also azlactonized 
by the action of benzoyl chloride or of acetic anhydride in pyridine 
under the conditions previously described (5). Only the stable 
Azlactone I is obtained in these reactions. 

Ethyl Benzoyl-a-Aminocinnamates I and II—The_ benzoyl-a- 
aminocinnamic acid azlactones were alcoholized by the method of 
Nicolet (6) with certain modifications, including a reduction of the 
reaction time from 1 hour to 3 minutes. 20 gm. of Azlactone I 
were suspended in 80 cc. of benzene and 10 cc. of 1 N sodium ethyl- 
ate were added. The azlactone rapidly dissolved and ethyl 
benzoyl-a-aminocinnamate I began to separate almost immedi- 
ately. After 3 minutes an excess of dilute hydrochloric acid was 
added and the mixture was vigorously shaken. The white solid 
was removed by filtration, washed with water, and dried, giving 
20 gm. (84 per cent) of almost pure Ester I melting at 142-146°. 
An additional 1.5 gm. of crude Ester I were recovered on concen- 
tration of the benzene layer. 

15 gm. of crude Azlactone II, melting at 124-135°, were treated 
as described above. No solid separated during the reaction. 
On acidification and cooling for several hours in an ice bath a 
solid crystallized. This was removed by filtration, yielding 5 gm. 
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of ethyl benzoyl-a-aminocinnamate I melting at 135-145°. The 
benzene solution was concentrated, giving an oil which was dis- 
solved in 30 ce. of alcohol. The solution was cooled in the ice 
box, giving an additional 4 gm. of Ester I. The filtrate was con- 
centrated to an oil which slowly crystallized, giving impure ethyl] 
benzoyl-a-aminocinnamate II melting at 70-80°. Recrystalliza- 
tion of this material from ethyl alcohol yielded a still impure 
Ester II, melting at 75-88°. Since considerable material is lost 
in recrystallization, crude Ester II melting at 70-80° was used for 
subsequent reactions. 

Benzoyl-a-Aminocinnamic Acids I and II—10 gm. of ethyl 
benzoyl-a-arminocinnamate I were suspended in 300 cc. of alcohol 
and 200 ec. of 0.5 N sodium hydroxide were added. The mixture 
was allowed to stand at room temperature with occasional shaking 
for 2 hours. (Most of the solid had disappeared in 30 to 40 
minutes.) The solution was diluted with 200 cc. of water and 
extracted twice with ether. The aqueous layer was filtered and 
acidified, giving 7.5 gm. (83 per cent) of benzoyl-a-aminocinnamic 
acid I melting at 223-226°. 

Benzoyl-a-aminocinnamic acid azlactones I and II may be 
hydrolyzed by the same procedure, thus affording an improved 
method of converting the azlactones to acids in one step. 

8 gm. of crude ethyl benzoyl-a-aminocinnamate II melting at 
70-80° were hydrolyzed by the above procedure, giving 6.2 gm. 
(85 per cent) of a mixture of benzoyl-a-aminocinnamic acids 
melting at 180-190°. This material was extracted with 35 cc. of 
alcohol. The residue (4 gm., melting at 190-193°) was dissolved 
in a mixture of 200 ec. of benzene and 20 ec. of absolute alcohol. 
200 cc. of petroleum ether were added and the mixture was cooled 
overnight in the ice box, giving 3.4 gm. of material melting at 
196-198°. A second recrystallization gave 3.1 gm. of pure ben- 
zoyl-a-aminocinnamiec acid IT melting at 199-200°. 

CisH,gO3N. Calculated. N 5.24, neutral equivalent 267 
Found. ** §.12, os 7 265 
A mixture of benzoyl-a-aminocinnamic acids I and II melted at 
175-190°. 

Benzoyl-a-Aminocinnamic Acid Azlactones I and II—1.0 gm. 
of benzoyl-a-aminocinnamic acid I was heated on the steam cone 
with 10 ce. of acetic anhydride for 2 minutes. The solution was 
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poured onto a mixture of ice and water and allowed to stand with 
occasional stirring for 20 minutes. The solid was removed by 
filtration, air-dried, and recrystallized from benzene-alcohol, givy- 
ing 0.8 gm. of Azlactone I melting at 164—166°. 

2.0 gm. of benzoyl-a-aminocinnamic acid I] were treated in 
the same manner. The air-dried reaction product was dissolved 
in 8 ec. of warm benzene and 14 cc. of absolute alcohol were added, 
The solution was cooled overnight in the ice box, yielding 1.2 gm. 
of benzoyl-a-aminocinnamic acid azlactone II melting at 146 
148°. A mixture of equal parts of this material and Azlactone | 
melted at 125-135°. 

CysH,O2N. Calculated, N 5.62; found, N 5.60 


0.3 gm. of benzoyl-a-aminocinnamic acid azlactone II was 
dissolved in 3 cc. of pyridine at room temperature. After 3 min- 
utes the solution was poured into an excess of iced hydrochloric 
acid. The precipitate consisted of practically pure Azlactone I 


melting at 163-165°. 
B-Phenethylamine Salts 


8-Phenethylamine was prepared by reducing benzyl cyanide 
with a Raney nickel catalyst. We confirmed the report (7) that 
the use of liquid ammonia as a solvent increases the yield of 6- 
phenethylamine to 80 to 90 per cent. 
Benzoyl-dl-O-methylphenylserine B, crude  benzoyl-dl-O- 
methylphenylserine A (melting at 152-154°), N-benzoyl-dl-threo- 
nine, N-benzoyl-dl-allothreonine, benzoyl-dl-O-methylthreonine, 
and benzoyl-dl-O-methylallothreonine were prepared as described 
previously (2, 8). Carbobenzoxy-dl-O-methylphenylserine B was 
prepared from the pure Amino Acid B in the usual manner (9). 
The reaction product was recrystallized from 10 volumes of hot 
benzene, giving the pure carbobenzoxy derivative melting at 
140-142°. 
CysH;90;N. Calculated. N 4.26, neutral equivalent 329 
Found. “* 4.18, 7 5 331 


Carbobenzoxy-dl-O-methylphenylserine A was prepared from 
crude Amino Acid A. The product was an oil which slowly solidi- 
fied to an amorphous glass. This material could not be induced to 
crystallize. It was therefore purified through the §-phenethyl- 
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amine salt. The regenerated carbobenzoxy derivative crystallized 
readily. It was recrystallized from 1.5 volumes of benzene, giving 
pure carbobenzoxy-dl-O-methylphenylserine A melting at 103-105°. 


CisHigOsN. Calculated. N 4.26, neutral equivalent 329 
Found. eS “ _ 327 


The 8-phenethylamine salts were prepared by dissolving or sus- 
pending the derivative in 10 to 30 volumes of warm ethyl acetate 
and adding the calculated quantity of amine. In the case of in- 
soluble derivatives the reaction mixture was warmed and stirred 
for several minutes. The salts usually crystallized, either im- 


TABLE | 


B-Phenethylamine Salts 





N analyses 
8-Phenethylamine salt M.p. Formula . — 
— pues 
C per | per 
cent cent 
dl-O-Methylphenylserine 
Benzoyl A 184-188 Cy5;HaxO Ne 6.67 | 6.48 
- B 169-171 * 6.67 | 6.52 
Carbobenzoxy A 132-135 CopHgoOsNe 6.22 | 6.13 
” B 80—- 86 ” 6.22 | 6.28 
N-Benzoy]-dl-allothreonine 148-152 CypHx~OiN2 8.14 | 7.87 
N-Benzoyl-dl-threonine. .. 159-162 = 8.14 | 7.86 
N-Benzoyl-dl-O-methylthreonine 113-117 CooH ON 7.82 | 7.72 
N-Benzoyl-dl-O-methylallothreo- | 
nine | 126-130 re 7.82 | 7.57 


| | 


mediately, or on cooling when the walls of the flask were scratched. 
In the case of benzoyl- and carbobenzoxy-dl-O-methylphenyl- 
serine B it was necessary to concentrate the solution considerably 
before the salts separated. The salts were recrystallized from 
ethyl acetate or from an alcohol-ethy! acetate mixture in the case 
of the less soluble salts. The melting points and analyses of the 
salts are summarized in Table I. 

The 8-phenethylamine salts were decomposed by dissolving or 
suspending them in dilute ammonium hydroxide and acidifying the 
mixture with concentrated hydrochloric acid. By purification in 
this manner benzoyl-dl-O-methylphenylserine A, melting sharply 
at 166-167°, was obtained, and carbobenzoxy-dl-O-methylphenyl- 
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serine A was prepared in a pure crystalline state. The latter deri- 
vative was reduced in the usual manner (9), giving dl-O-methyl- 
phenylserine A melting at 231-233°. Benzoylation of this materia] 
gave Benzoyl Derivative A melting at 165-167° 
SUMMARY 

Two benzoyl-a-aminocinnamic acid azlactones are produced 
by the action of acetic anhydride on either of the benzoyl-dl-O- 
methylphenylserines. Certain reactions of the azlactones are de- 
scribed. 

2. A study has been made of the 8-phenethylamine salts of the 
following pairs of isomers: benzoyl-dl-O-methylphenylserines A 
and B; carbobenzoxy-dl-O-methylphenylserines A and B; N-ben- 
zoyl-threonine and N-benzoylallothreonine; benzoy]l-dl-O-methyl- 
threonine and benzoyl-dl-O-methylallothreonine. In each pair the 
lower melting, more soluble derivative gives the higher melting, 
less soluble 8-phenethylamine salt. It seems possible, therefore, 
that 6-phenethylamine may be generally useful in separating iso- 
mers of this type. 
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In a previous publication (1) we have reported a confirmation 
at least in part of the results obtained by Blount (2) in the dehydro- 
genation of cevine with selenium as well as the isolation of several 
other products also formed during the reaction. The products 
isolated other than the simpler pyridine derivatives are unique 
in character and undoubtedly will play an important réle in the 
final elucidation of the structure of the veratrine alkaloids. Un- 
fortunately, the yields of these products are rather small because 
of the complicated course of the decomposition of the alkaloid 
and they are difficult to isolate owing undoubtedly to the forma- 
tion of a number of closely related products the properties of which 
are very similar. 

More recently we have turned again to this study with the 
intention of making a more thorough examination of the reaction 
mixture in the hope of effecting a more complete separation lead- 
ing to other products the study of which might aid in the interpre- 
tation of the structure of those already isolated and further of 
increasing the supply needed for chemical investigation. Ac- 
cordingly we have dehydrogenated a larger amount of cevine for 
the purpose. The dehydrogenation was carried out as previously 
reported except that the temperature was raised to 345°. 

The products from all of the runs were combined and processed 
together. The general procedure was to effect a separation first 
into basic, neutral, and phenolic fractions, after which each fraction 
was subjected to chromatographic analysis in a chromatograph 
of the appropriate size prepared from Brockmann’s alumina. In 
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only one case did any of the fractions from the chromatographic 
separation appear to approach homogeneity, although the method 
served to give a separation into classes of substances which had 
approximately the same affinity for the adsorbent and were prob- 
ably for the most part a mixture of homologues. Each of the 
fractions coming from the chromatograph was then subjected to 
microfractional distillation analysis with the use of the apparatus 
and technique indicated in a previous publication (3). The 
cevanthridine fraction proved to have too high a boiling point for 
efficient separation without the danger of pyrolysis in this type of 
column. Also many of the fractions from the chromatograph 
yielded less than 0.4 gm. of substance, an amount too small for 
efficient fractionation. 

Fractional distillation served to separate the chromatographic 
fractions into different molecular sizes and frequently separated 
more or less completely mixtures of homologues in which the 
operating conditions were favorable to high efficiency of the 
column. Usually, however, it was necessary to study further the 
fractions from the fractional distillation by means of microfrac- 
tional crystallization as well as by the preparation of derivatives. 

This general method of procedure has resulted in the isolation 
of fifteen degradation products, the formulations of which appear 
to be reasonably certain, as well as of others in which homogeneity 
is still in question. The majority of these products have not as 
yet been reported. The isolation of the following list of substances 
which includes those already described is therefore reported in 
this paper: 8-picoline CsH;N, 2-ethyl-5-methylpyridine CsHyN, 
base C H,3N, 2-hydroxyethyl-5-methylpyridine CsHy,ON, oxy- 
ethylmethylpyridine (cyclic ether?) CsH»ON, hydrocarbon (4,5- 
benzohydrindene) C,sHy, hydrocarbon C;;Hy., hydrocarbon C;sHis, 
hydrocarbon Cy He, hydrocarbon CH3o, cevanthrol Ci7H0, 
an oxygen-containing substance CosH,O, cevanthridine CosHe:N,} 
base CopHigN, base CogHosN. 

The relationships of the first five of these substances seem to 
be quite clear on the basis of the structures already discussed (1). 
Both the third and fourth substances, which have not been re- 


1 In a succeeding paper, evidence for the formulation of this substance 
will be presented which seems to favor rather the formula C.;H2;N than that 
9) 


of Cy3H2sN originally proposed by Blount (2). 
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ported before from the selenium dehydrogenation, are entirely 
compatible. Concerning the nature of the remaining degradation 
products considerable information is now at hand from a study 
of absorption spectra as well as of certain chemical transforma- 
tions. This will be discussed in the succeeding papers. As will 
be seen, the hydrocarbon C3H,2 has been found to correspond in 
properties with those of 4,5-benzohydrindene. 


EXPERIMENTAL 
120 gm. of recrystallized cevine were dehydrogenated in six 
separate runs as previously described (1) except that the tempera- 
ture employed was 345°. The volatile material in the ice trap 
was removed and treated with a slight excess of HCl. The mix- 
ture was extracted with ether. After concentration of the ether 
extract, the resulting residual thick oil (about 1.5 gm.) was in- 
vestigated by chromatographic analysis followed by fractional 
distillation in accordance with procedures essentially the same as 
those used with the major reaction mixture as described below. 
All that could be obtained from such non-basic material carried 
over into the ice trap was a series of oils. From these again the 
only crystalline material that could be isolated appeared to be the 
CisHis hydrocarbon previously reported. Although the amount 
of material available was too meager for exhaustive recrystalliza- 
tion, the micro melting point finally reached 104-107° and showed 
no depression with a more extensively recrystallized sample of 
other origin which melted at 116-118°. 
CisHis. Calculated, C 92.24, H 7.77; found, C 92.12, H 7.65 


Analytical data indicated the various oily fractions to be cyclic 
hydrocarbons in a partial state of dehydrogenation. 

The HCl solution which remained after the above ether ex- 
traction was treated with excess solid KOH and the basic material 
which separated was extracted with benzene. The benzene ex- 
tract was dried over anhydrous K,CO; and run through a 
chromatograph prepared with benzene and 400 gm. of Brockmann’s 
alumina. As soon as material other than solvent appeared, a 
volume of 400 ce. was collected. Further fractionation of the 
material in the chromatograph is described below. This was 
fractionated first through a Vigreux column to remove most of 
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the benzene. The residual oil was then placed in a small column 
having a separating power of roughly ten theoretical plates as 
measured by mixtures of carbon tetrachloride-benzene. After 
the residual benzene had distilled, a fraction boiling at 69-75° 
and under 23 mm. pressure was collected. The volume of this 
fraction was approximately 1.5 cc. It was presumably a mixture 
of the previously reported 8-picoline and 2-ethyl-5-methylpyridine, 
since it had a micro boiling point of 165° at atmospheric pressure 
and the analytical data proved to be intermediate between the 
figures calculated for CsH;N and CsHyN. 


C.HIN. Calculated, C 77.37, H 7.58 


C.H,,N. - ‘* 79.27, ** 9.15; found, C 78.64, H 8.62 
TABLE I 
- . Analysis 
"tio Oo Y: . 
PrN o.....& Pressure Weight Micro b.p 
Cc H 
TC. mm. mg. . - per cent per cent 
l 106 8 70 187 79.61 9.17 
2 106 5 70 189 79.59 9.76 
3 106 2 70 199 77.35 9.02 
$ 110 0.6 70 210 73.84 7.95 
5 150 0.1 60 216 78.75 9.35 
6 200 0.1 100 260 77.80 9.13 


7 Approximately 200 mg. of residue removed from still 


The next fraction was of more constant boiling point and amounted 
to approximately 1 cc. It had a micro boiling point of 173° at 
atmospheric pressure and gave the correct analytical figures for 
ethylmethylpyridine. 


Found. C 79.05, H 9.05 


The residue in the still which was less than | ec. in volume was 
too small in amount for the column in use and was therefore trans- 
ferred to a column of the type described previously (3). This 
column was 5 cm. in height and had a separating power in the 
neighborhood of eight theoretical plates. The data for the frac- 
tionation are given in Table I. 

Each of the fractions was investigated carefully for the presence 
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of a volatile quinoline derivative which, if it had been formed, 
should have appeared in one of these fractions. However, we 
were unable to locate such a derivative and our investigation 
therefore seems to eliminate the possibility of the production of a 
simple quinoline derivative. The analytical data also indicate 
nothing higher in carbon or lower in hydrogen than an alkyl-sub- 
stituted pyridine or oxypyridine. 

The Base CyH,;3N—F¥raction 2 gave analytical data suggesting 
a formula CyHyN. 

CoHisN. Caleulated, C 79.93, H 9.70; found, C 79.59, H 9.76 


It gave a picrate that crystallized from alcohol in broad thin 
leaves which melted at 150-151°. 


CyHisN-CeH:07;Ns. Calculated, C 49.43, H 4.43; found, C 49.30, H 4.20 


This picrate as well as the free base corresponded with the prop- 
erties of the pyridine base, CygHi3N, previously obtained from the 
zinc dust distillation of cevine (4). A mixed melting point of the 
picrates showed no depression. Since in the previous publication 
it was shown that the base upon oxidation with KMnQ, yielded a 
pyridinedicarboxylic acid possessing one more CH, group than 
isocinchomeronic acid, it is perhaps a homologue of ethylmethyl- 
pyridine and has the additional CHe group in a position which 
prevents or retards its oxidation, 

The Base CsxH»ON—Fraction 4 gave analytical figures indicating 
the presence of an oxygen-containing base, although it was evi- 
dently still a mixture. 20 mg. of the base were treated with an 
equivalent of picric acid and the resulting picrate was crystallized 
from acetone. 25 mg. of heavy rhombs were obtained which 
melted at 150-151°. After recrystallization, the melting point 
was 151-152°. This melting point agreed with that previously 
reported for the picrate of the base CsH,gON (1). 


CsHgON-CsH;O0;N 3. Calculated, C 46.14, H 3.30; found, C 46.31, H 3.31 


Isolation of the Base C3H,ON—After collection of the first 400 
ec. of eluent from the chromatograph above a second volume of 
500 ec. of benzene was collected. Upon fractionation approxi- 
mately 0.3 gm. of an oil was obtained which appeared mostly 
to boil in the region of 8-picoline and was not further studied. 
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A liter of ether was then run through the chromatograph. 
Similar fractionation of the resulting oil (0.4 gm.) also yielded for 
the most part fractions approaching the boiling point of 8-picoline. 

500 ec. of methyl alcohol were then run through the chromato- 
graph. Fractionation of this gave, after removal of the solvent, 
2 ec. of water and then 1.3 cc. of a viscous higher boiling oil. The 
latter fraction was placed in a 22 cm. microfractionating column 
(3). The data for the fractionation are given in Table II. 

After Fraction 3 the micro boiling point was fairly constant and 
since Fractions 2, 7, and 10 all gave similar analytical data, it 
appeared likely that they were all the same and consisted of a 





TABLE II 
- pot ao. Pressure —e Micro b.p. vai 
ture C H 
°C. C. mm. mg. "Cc. per cent | per cent 
l 102 90 5 20 215 
2 102 90 5 10 225 69.82 7.78 
3 102 100 5 80 227 
4 102 100 5 SO 229 
5 102 95 1 80 229 
6 102 92 ! SO 229 
7 102 92 j 100 229 69.93 8.24 
Ss 102 92 4 70 229 
g 105 92 4 SO) 299 
10 110 9S } SO 229 69.83 8.18 
1] 115 105 { SO 229 


substance with the empirical formula of a hydroxy! derivative of 
ethylmethylpyridine. 


CsH,,ON. Calculated, C 70.02, H 8.08 


The picrate could not be induced to crystallize. It gave no 
color with ferric chloride and could not be methylated with di- 
azomethane. The substance did not have phenolic properties, 


since it was extracted with benzene in the earlier isolation from a 
strong solution of KOH. The hydroxyl group appears therefore 
to be on the side chain. This is supported by the oxidation of 
the substance with KMnQ, to isocinchomeronic acid as follows: 


50 mg. of the base were dissolved in 10 cc. of water and treated 
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with 350 mg. of KMnQO,. After heating on the steam bath for 
6 hours, the MnO, was filtered off. The clear filtrate was treated 
with normal HCl until just acid to Congo red and then 0.5 ee. in 
excess was added. After concentration to about 1 cc. and chilling, 
25 mg. of needles were collected which melted at 260-261°, de- 
pending somewhat on the rate of heating. A mixed melting point 
with material obtained from the oxidation of 2-ethyl-5-methyl- 
pyridine (5) showed no depression. 


C;H,O.N. Calculated, C 50.30, H 2.99; found, C 50.65, H 3.08 


Isolation of Hydrocarbons—The residue which remained in the 
original dehydrogenation flask was ground up and exhaustively 
extracted with ether. The ether was shaken out with 10 per cent 
HCl. The lower acid layer contained much solid insoluble hydro- 
chloride and was set aside to be treated as described below for the 
basic part. The dried ether extract gave approximately 7 gm. 
of residue which was dissolved in 100 ec. of benzene. This solution 
was run through a chromatograph prepared with 500 gm. of Brock- 
mann’s alumina suspended in benzene. As soon as dissolved 
materia) began to appear at the lower end, each 100 ce. quantity 
of eluent was considered a fraction and was evaporated to dryness 
and weighed. The weights were as follows: Fraction 1, 1.600 gm., 
oil; Fraction 2, 0.560 gm., oil; Fraction 3, 0.200 gm., oil; Fraction 
4,0.115 gm., oil; Fraction 5, 0.120 gm., oil; Fraction 6, 0.106 gm.., 
oil; Fraction 7, 0.085 gm., oil; Fraction 8, 0.085 gm., oil; Fraction 
9, 0.040 gm., oil; Fraction 10, 0.040 gm., partially crystalline; 
Fraction 11, 0.030 gm., partially crystalline; Fraction 12,0.110 gm., 
partially crystalline (from 500 ec. of eluent). 

1 liter of anhydrous ether was then run through the chromato- 
graph. This eluted 200 mg. more of material which could not be 
induced to crystallize. 400 cc. of methyl alcohol were then em- 
ployed. Upon evaporation this extract proved to contain 2.7 gm. of 
material which was oxygen-containing and which contained the 
cevanthrol fraction. Our investigation of this fraction thus far 
has yielded only cevanthrol (6), although the major portion of the 
fraction appears to consist of material giving similar analytical 
data but to have a lower, indefinite melting point. It is probably 
composed of substances closely related to cevanthrol and with 


similar properties. 
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The above Fractions 10, 11, and 12 eluted with benzene yielded 
partly crystalline residues which appeared to have similar proper- 
ties and were therefore combined. After sublimation in a high 
vacuum and two recrystallizations from ether a small amount of 
material was finally obtained which gave a micro melting point of 
181-187°. This material was insufficient for both recrystalliza- 
tion and analysis. The latter indicated a formula of C23H.,0. 

C.3H»O. Calculated, C 87.29, H 7.65; found, C 87.21, H 7.77 

Fractions 1 and 2 from above were combined and placed in a 

sublimation apparatus. All was collected which distilled up to 


TABLE III 


Oil bath Column B.p. at Analysis 


Prestion Weight | tempera- | tempera- 760 mm. Micro m.p 
ture ture Cc H 

mg . 0. TS. Cc per cent per cent 
l 100 120 70 SO 
2 50 160 90 266 90.15 9.27 
3 70 170 108 293 90.68 8.73 
4 60 180 130 320 90 .63 9.06 
5 80 185 145 350 90.16 9.21 
6 130 190 160 Up to 157 91.67 8.50 
7 120 195 160 “ “150 | 91.75 8.34 
s 130 205 165 yo 91.99 8.31 
9 160 210 165 91.85 8.26 
10 120 215 175 ~ "ee 91.70 8.55 
ll 35 225 195 ee ee 91.80 8.11 
12 170 235 210 ne 91.07 8.62 
13 135 235 215 7 90.74 9.32 


an oil bath temperature of 200° and under a pressure of 0.25 mm. 
The distillate weighed 1.8 gm. This oil was placed in a 22 em. 
column (3). The data for the fractionation which was carried out 
under a pressure of 0.25 mm. are given in Table III. 

Although the analytical data did not shift much from fraction 
to fraction, a closer examination by fractional recrystallization 
revealed satisfactory separation into different molecular sizes. 
The original material was apparently composed of mixtures of 
homologues in various stages of dehydrogenation. 

From the boiling point it is obvious that Fraction 1 (Table III) 
is benzene. Fractions 2 and 3 both yielded crystalline picrates. 
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Since the picrates appeared to have the same properties, they were 
combined. ‘Thus approximately 70 mg. of a picrate were ob- 
tained which melted at 90-100° (micro melting point). After 
recrystallization from alcohol heavy orange needles were obtained 
which melted at 99-103°. This material gave analytical figures 
which corresponded to a hydrocarbon of the formula Ci3H:. 


CisHi2-CsH30;N3. Calculated, C 57.43, H 3.80; found, C 57.77, H 3.62 


45 mg. of the picrate were dissolved in ether and the picric acid 
was removed with 2 per cent NaOH. The recovered hydrocarbon 
weighed 21 mg. and formed a colorless oil. It was redistilled under 
reduced pressure. The colorless distillate had only a faint odor 
and could not be induced to crystallize. 


CisHie. Calculated, C 92.86, H 7.20; found, C 92.85, H 6.88 


A few mg. of the above picrate were recrystallized from ethyl 
alcohol. The substance had a micro melting point of 103-105°. 
After a further recrystallization the stout orange needles melted 
at 106-107°. Since there was insufficient for further recrystalliza- 
tion, this material was used for the comparison with synthetic 
4,5-benzohydrindene kindly placed at our disposal by Professor 
J. W. Cook of the University of Glasgow. This comparison will 
be discussed in the following paper. 

Fractions 4 and 5 (Table III) failed to give crystalline picrates. 

The Cy;H. Hydrocarbon—Fraction 6 which was almost entirely 
crystalline was recrystallized from ether. 35 mg. of material 
were obtained with a micro melting point of 147—-157°. A further 
recrystallization gave 19 mg. of thin leaves which melted 
at 160-165°. 

Ci7His. Calculated, C 92.68, H 7.32; found, C 92.93, H 7.25 


The molecular weight determination was made by the Rast 
method. 

0.592 mg. substance : 6.042 mg. camphor; A = 16.0° 

Mol. wt. found, 222; calculated, 220.13 

After a further recrystallization the melting point was 167—169°. 

The picrate dissociated very easily but could be crystallized in 
orange needles from a concentrated solution in benzene. The 
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micro melting point was 127—129° but the analytical data indicated 
a much larger proportion of hydrocarbon than is required by the 
1:1 molecular ratio. 

This hydrocarbon corresponded to the same material for which 
the formula C;;Hy was derived previously (1), although the 
melting point now obtained was considerably higher obviously 
owing to greater purity. 

Fraction 7 after recrystallization in the same manner as in 
the case of Fraction 6 gave a similar amount of material that 
showed no depression in a mixed melting point with that from 
Fraction 6. It was therefore presumably the same substance. 

The CisH,s Hydrocarbon—Fraction 9 after recrystallization from 
ether gave 55 mg. with a micro melting point of 85-110°. Upon 
recrystallization 30 mg. of thin leaves resulted which melted at 
109-114°. 


CisHis. Calculated, C 92.24, H 7.77; found, C 92.28, H 7.65 


A portion of this material after recrystallization from ether 
showed a micro melting point of 114-116° and was identical with 
the C,sHis hydrocarbon previously reported (1). The picrate 
of this substance also dissociated very easily and was not suitable 
for characterization. 

Fraction 8 behaved similarly upon recrystallization and showed 
no depression in mixed melting point with the substance from 
Fraction 9. However, a mixed melting point with the hydro- 
carbon from Fraction 6 was 102-136”. 


The Hydrocarbon CygHo—Fraction 11 was recrystallized from 
ether. This yielded 50 mg. with a micro melting point of 140-162°. 
After recrystallization from ether again 24 mg. of broad glistening 


leaves were obtained which melted at 173-182°. 
CisHeo. Calculated, C 91.88, H 8.12; found, C 91.77, H 8.27 


The molecular weight determination was made by the Rast 


method. 


0.583 mg. substance : 6.020 mg. camphor; A 14.0 
Mol. wt. found, 249; calculated, 248.16 


The above material after recrystallization from ether melted 
at 185-188°. 
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Fraction 10 behaved like Fraction 11 and a mixed melting point 
showed no depression. However, this material showed a definite 
depression when mixed with either that from Fraction 6 or 8. 

The Hydrocarbon Cy4H3o.—Fraction 12 contained much finely 
divided selenium, although the other fractions were free from this 
impurity. Apparently the small amount of residual selenium was 
fractionated out at this point. After removal of the selenium 
the hydrocarbons remaining proved to be too much of a mixture 
for successful separation. 

Fraction 13 upon recrystallization from ether gave 50 mg. 
with a micro melting point of 97-106°. After recrystallization 
broad thin leaves were obtained which melted at 106—109°. 


CaHgo. Calculated, C 90.51, H 9.50; found, C 90.45, H 9.64 


The molecular weight determination was made by the Rast 
method. 


0.913 mg. substance : 9.230 mg. camphor; A = 11.1° 
Mol. wt. found, 320; calculated, 318.24 


A further recrystallization yielded material melting at 108-110°. 

The aqueous acid layer which remained after removal of the ether 
solution from the original reaction mixture contained a considerable 
amount of insoluble precipitate which proved to be the cevanthri- 
dine fraction. The HCl solution which was separated from the 
solid was found to contain only simpler pyridine bases. The 
solid material was dissolved in chloroform and shaken out with 
10 per cent KOH. After the solution was dried over K:COs, 
the solvent was removed in vacuo. The residue was dissolved in 
benzene and the evaporation repeated in order to remove chloro- 
form. The residue which weighed 25 gm. was redissolved in 
100 cc. of benzene and run through a chromatograph prepared with 
1.5 kilos of Brockmann’s alumina suspended in benzene. As 
soon as material began to emerge with the solvent each succeeding 
volume of 150 ec. was considered a fraction. Fractions 1 to 5 
contained only oils that could not be induced to crystallize but 
which after distillation in a high vacuum gave analytical results 
closely approximating the values for cevanthridine. Fractions 
6 to 12 were all nearly entirely crystalline and constituted the 
cevanthridine fraction. This combined fraction weighed 5 gm. 
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and yielded 1 gm. of pure cevanthridine upon recrystallization, 
A discussion of the analysis, etc., of this substance will be left to 
a following paper. 

The succeeding chromatograph fractions appeared to yield mate- 
rial of a different character. The materials in Fractions 22, 23 
and 24 appeared to be the same and were combined. Upon re- 
crystallization a substance was obtained corresponding in 
properties with that previously reported (1) and melted at 229 
230°. However, the formula C2sH2,N now appears more probable 
than that of CosHesN originally proposed. 


CosHasN. Calculated. C 88.84, H 7.17, N 3.99 
Found. “2a, tn wee 

** 88.87, “* 7.02, “* 4.13 

89.16, ‘* 7.08, ** 3.97 


‘ 


Methiodide of the Base Cogll2;N—20 mg. of the base were treated 
with 5 ec. of methyl iodide and allowed to stand several hours. 
The collected product after recrystallization from a large volume 
of methyl alcohol formed fine needles which melted with decom- 
position at about 295°, depending somewhat on the rate of heating. 


CozHosNI. Calculated, C 65.71, H 5.71; found, C 65.75, H 5.77 


Little material was contained in Fraction 30 from the chromato- 
graph, so the benzene was replaced by anhydrous ether as eluent. 
Fractions 1 to 4 obtained with ether did not contain material 
that would crystallize but Fractions 5 to 10 all showed a tendency 
to crystallize. They were therefore combined and crystallized 
from ether. 225 mg. of material were obtained which was re- 
crystallized twice from benzene and then from chloroform and 
melted at 226-231°. A final recrystallization from chloroform 
with bone-black gave 92 mg. of broad, thin leaves which melted 
at 233-235°. 

CoHisN. Calculated. C 87.88, H 7.01, N 5.12 
Found. ** 88.06, ‘* 7.25, ** 5.15 


This substance added methyl iodide as in the case of cevanthri- 
dine, and the analysis of the methiodide supported the formulation 
above. It crystallized from methyl iodide in yellow leaves which 
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decomposed at 285-290°, depending somewhat on the rate of 
heating. 


CyH»NI. Calculated, C 60.71, H 5.34; found, C 60.86, H 5.41 
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In the previous paper (1) we have reported the isolation of a 
series of hydrocarbons from the selenium dehydrogenation of 
cevine. Since the amount of each substance isolated in a form 
approaching purity was too small for extended investigation by 
chemical transformation, our attention has been turned to a study 
of their absorption spectra. Considerable information is now at 
hand in the literature regarding the types of absorption spectra 
in the region of the ultraviolet which are more or less characteristic 
of the various aromatic ring systems. The formulations of our 
unknown hydrocarbons as well as their general nature have made 
them therefore particularly interesting for a study from this 
standpoint. The results of these investigations are reported in 
this paper.! 

The simplest hydrocarbon of the series appeared to possess the 
formula C,;Hj, derived by analysis of the hydrocarbon itself and 
of its picrate. The number of carbon and hydrogen atoms in 
this formulation at once places limitations on the possible ring 
systems which can be considered. A number of combinations 
of a benzene ring attached to unsaturated 5-membered rings such 
as indene might be considered but such unsaturated systems could 
searcely be expected to withstand the conditions of dehydrogena- 
tion. Only a naphthalene ring system with a saturated ring 
attached can be seriously considered. The possibilities in this 


! The absorption curves were obtained with a Spekker spectrophotometer 
and a small Hilger quartz spectrograph. The solvent in each case was 
absolute alcohol. 
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category are 4,5-benzohydrindene, 5,6-benzohydrindene, peri- 
naphthane, and one of the four possible methylacenaphthenes, Perj- 
naphthane melts at 60° and gives a picrate melting at 160° (2), 
whereas 5,6-benzohydrindene melts at 94° and yields a picrate 
melting at 120° (3). 4,5-Benzohydrindene (4) is an oil and its 
picrate melts at 109-110°. Our substance was likewise an oil 
but the small amount of substance available because of the very 
tedious process involved in its isolation did not permit recrystal- 
lization of its picrate to a constant melting point. The melting 
point, however, on the final recrystallization changed only from 
103-105° to 106-107°. It therefore appeared to approach closely 


the properties of 4,5-benzohydrindene (Formula I). Further 
HyC—CH, 
4 
CH, 


dentity now appears to have been definitely established by a 
direct comparison with synthetic material which was very kindly 
placed at our disposal by Professor J. W. Cook of the University 
of Glasgow. A mixed melting point of the picrates from both 
sources did not show an appreciable depression and the two 
substances appeared identical in all their properties. Comparison 
of the ultraviolet absorption spectrum of synthetic 4,5-benzo- 
hydrindene with that of our oil (Fig. 1) with a few minor excep- 
tions showed a close agreement and gave further strong support 
to the question of identity. 

The next hydrocarbon of the series isolated appears from the 
analysis to possess the formula C,7Hys. Empirically this formu- 
lation allows for a total of ten double bonds plus rings and cor- 
responds to a trimethylphenanthrene or an anthracene. However, 
its ultraviolet absorption spectrum curve is quite different from 
that of either anthracene or phenanthrene (Fig. 2). The differ- 
ence appears to be sufficiently great to eliminate the double bond 
arrangement of either of these ring systems from _ serious 
consideration. 

The formulation of the next three hydrocarbons, CisHis, Ci9Ha0, 
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and CaH3o respectively, also implies a total of ten double bonds 
plus rings and this fact, along with their common origin, suggests a 
close relationship in the ring structure of the four hydrocarbons. 
The striking similarity of their absorption spectra as shown in 
Fig. 3 makes this seem even more evident. 

Although the type of their absorption spectra seems to be un- 
related to either the phenanthrene or the anthracene type, it 
appears to approach more closely the general type given by naph 
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thalene derivatives. Accordingly, a naphthalene ring system to 
which are joined three other rings or double bonds might be con- 
sidered as a possibility. Since a cyclopentenonaphthalene ring 
system in the hydrocarbon C,;Hy has been isolated from the same 
dehydrogenation mixture, it could be suggested that these hydro- 
carbons contain such a ring system to which either two additional 
rings are attached or one ring containing a double bond. Of 
these two possibilities the latter might appear to be more definitely 
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suggested by the absorption spectra on the naphthalene basis, 
These show a greater absorption coefficient in general than do 
naphthalene derivatives which do not carry a group containing a 
conjugated double bond. 
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diphenyl. 


It is improbable from general experience that such an extra 
unsaturated ring could be 5-membered. Should an extra 6-mem- 
bered ring be attached to the naphthalene ring system in any 
positions other than the 1,8 or peri positions, the hydrocarbon 
would then be a tetrahydroanthracene or phenanthrene derivative 
and under the conditions used for the dehydrogenation from which 
it was isolated, such a derivative might be expected to be dehydro- 
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genated to its parent phenanthrene or anthracene. While or- 
dinarily failure to isolate such a derivative from a very complex 
mixture cannot be considered as final evidence against its presence 
there, it should be pointed out that a very thorough search was 
made which had resulted in the isolation of some fifteen substances 
among which are five hydrocarbons having almost the identical 
properties which such derivatives would possess. Nevertheless, 


48 T | 











| 
| 











— 34; 





& 





Ss & 


6B 


Fia. 3 A= CysHi; >. = C,7Hie; O = CyisHis; e= C,9H29; = CoH 


all attempts to isolate tetrahydrophenanthrenes or anthracenes 
have failed. 

This evidence should be considered together with the fact that 
there may be present in the alkaloid a hydrogenated naphthalene 
ring system which is substituted in the 1,8 positions, if our deduc- 
tions (5) regarding the general structure of decevinic acid and 
the assumption of its primary character are correct. Thus the 
possibility must be considered that the more complex hydrocarbons 
may contain the cyclopentenonaphthalene ring system to which a 
further ring is joined at the peri positions. In accordance with 
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this, there may be suggested two structures which are derivatives 
of the little studied benzonaphthene ring system, Formulas I] 
and III, and a third structure, Formula IV. In each case a 
number of modifications are of course conceivable on the basis of 
different arrangements of the double bonds. 


y/> - - 
ae Acti, —= 
CHs 
) tm 4 : AA ‘4 ~ 
| | | | || 
, NN Y, 
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KA, FZ \ , 4 
WY cH, YY 
Ria bia 

HC—CH, HC. CH, 


From the work of Pestemer and Manchen (6) the approximate 
effect on the absorption spectrum of a double bond conjugated 
with the naphthalene ring system can be seen. The absorption 
coefficient is increased considerably and the bands are shifted 
toward the longer wave-lengths, an effect in conformity with 
past experience for the conjugation of a double bond with an 
aromatic nucleus. The opposite of this last effect has been noted 
in the case of our substances, if referred to naphthalene. 

The question might persist as to whether the reversed shift 
noted with our substances could be due to any one if not all of 
the possible arrangements of rings and double bonds in the 
benzonaphthene ring system. 

Since the synthesis of any of the ring structures represented 
above is a major research in itself and since hydrocarbons with 
this ring structure appear to be little if at all investigated, it 
seemed advisable to turn to simpler known substances in order to 
see what arrangement of double bonds might be indicated in our 
hydrocarbons by the study of the absorption spectra of such model 
substances. 

Accordingly, the yellow ketone of perinaphthene (benzonaph- 
thene) was prepared according to the directions of Fieser (2) and 
subjected to dehydrogenation under the same conditions used for 
cevine (1). A hydrocarbon could be isolated readily which, 
however, did not give the analytical data expected for perinaph- 
thene but rather those for a hydrocarbon with 2 more H atoms, 
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viz. perinaphthane, produced presumably by disproportionation. 
The melting point also agreed with that reported for perinaph- 
thane. 

Although such behavior seemed in itself to be against the likeli- 
hood of the more complex hydrocarbons discussed above with- 
standing the dehydrogenating effect of selenium, we have gone 
further and synthesized a hydrocarbon with the empirical formula 
of methylperinaphthene by the action of methyl magnesium iodide 
on perinaphthenone. Although we had expected the initial 
formation of an alcohol which could then be reduced and dehy- 
drated to methylperinaphthene, a hydrocarbon among other 
products resulted which gave the proper analytical figures for the 
desired one. The mechanism of its formation is obscure but may 
be possibly due to the reducing action of the reagent (7). Aside 
from the hydrocarbon a yellow solid was also isolated which 
melted at 87-88° and gave analytical tigures corresponding to the 
empirical formula of CyHiO. The exact nature of this product 
was not determined. 

The hydrocarbon melted at 63-65° and proved to be somewhat 
unstable. Although it could be distilled in a high vacuum to 
give an almost colorless crystalline solid, upon standing at room 
temperature a green color developed in the course of a few hours. 
The absorption spectrum in ethyl alcohol is represented by the 
curve given in Fig? 4.2. Comparison of this curve with the ab- 
sorption spectra curves of simple naphthalene derivatives shows 
that in this derivative the conjugated double bond increases the 
absorption and also displaces the bands considerably toward the 
longer wave-length. This is a result in agreement with the absorp- 
tion shown by propenylnaphthalene (6) and therefore cannot very 
well account for the type of absorption shown in Fig. 3 for the 
hydrocarbons from cevine. 

We have further subjected the hydrocarbon methylperinaph- 
thene to treatment with selenium under the same conditions 
used for the preparation of the cevine hydrocarbons in order to 
see whether it would withstand such treatment or possibly undergo 


? In a private communication, Dr. Fieser of Harvard University has 
kindly sent us the absorption spectrum curve of a methylperinaphthene, 
possibly isomeric with our substance. This curve is in good agreement 
with that obtained with our substance. 
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a rearrangement of double bonds to the forms most‘ stable under 
such conditions. The hydrocarbon isolated in rather poor yield 
from the resulting mixture crystallized when placed in a freezing 
mixture but was liquid at room temperature. The analytical 
data indicated formation of methylperinaphthane by addition of 2 
atoms of hydrogen owing to disproportionation and were in 
agreement with the result of the dehydrogenation of perinaph- 
thenone. While these results are not sufficient to rule out entirely 
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such general structures as are represented in Formulas II and III, 
they do serve to make them seem even less likely than other general 
considerations would indicate. 

The formulation represented in Formula IV would be that of 
an acenaphthylene derivative. Acenaphthene is reported not to 
dehydrogenate with selenium to acenaphthylene (8) but, never- 
theless, the absorption spectrum of the latter was determined 
and is shown in Fig. 4. This curve seems to be sufficiently different 
from those of the hydrocarbons from cevine to remove this pos- 


sibility from consideration. 
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Of various other known types of absorption spectra, that of 
diphenyl (Fig. 2) seems to offer considerable similarity to that of 
our hydrocarbons. The general shape of the curve is approxi- 
mately the same as well as the intensity of the absorption. The 
curve of any one of the hydrocarbons, however, covers a region 
approximately 200 A. displaced toward the longer wave-lengths 
from that of diphenyl. This is an effect shown by many examples 
in the literature to be caused by the substitution of alkyl groups 
or saturated rings on an aromatic nucleus. If any of the four 
hydrocarbons is a diphenyl! derivative, two further saturated rings 
must be present in order to make up the ten necessary double 
bonds or rings and thus conform with the established empirical 
formulas. Thus two general possibilities remain; viz., a cyclo- 
pentenofluorene derivative and the other a cyclopenteno-9, 10- 
dihydrophenanthrene derivative. Both would be expected to 
give a somewhat modified diphenyl type of absorption curve. 

A comparison of the curves of fluorene, 9,10-dihydrophen- 
anthrene, and the C,;Hy. hydrocarbon is shown in Fig. 5. The 
curves of fluorene and 9,10-dihydrophenanthrene were replotted 
from data taken from the curves of Askew (9). 

Before a 9,10-dihydrophenanthrene derivative can be seriously 
considered, the possibility that such a derivative would resist 
dehydrogenation to the corresponding phenanthrene would have 
to be weighed. That such a possibility cannot be entirely dis- 
missed may be derived from the experience of Bergmann and 
Weizmann (10) who found that 1,2-dimethyl-3 ,4,9,10,11,12- 
hexahydrophenanthrene as well as its 7-methoxy derivative did not 
dehydrogenate readily to the corresponding phenanthrene and 
only in poor yield upon long treatment. Oils giving the proper 
analytical data for dihydro derivatives were isolated which were 
considered by them to be 9, 10-dihydrophenanthrene derivatives. 
This question, however, must be explored more carefully at a 
future time. 

Thus, the possibility must be considered that the hydrocarbons 
from the selenium dehydrogenation of cevine could be derivatives 
of a cyclopentenophenanthrene and if so, barring obscure rear- 
rangements, that cevine could contain such a completely hydro- 
genated ring structure. However, the failure to dehydrogenate 
to a phenanthrene has not been encountered in the sterols hereto- 
fore as far as we are aware. 
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The other possibility, a cyclopentenofluorene derivative, would 
not be an unlikely product of a selenium dehydrogenation. In 
favor of such a structure can be mentioned the behavior of all 
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four of our hydrocarbons when subjected to the Vanscheidt color 
test (11). When a small amount of the hydrocarbon is dissolved 
in pyridine, a drop of alcoholic KOH added, and the solution 
heated with shaking, a yellow color develops which turns gradually 
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green. The production of color under these conditions has been 

used to detect the presence of fluorenes, indenes, and derivatives 
R 

having a C=C—C—C=C grouping in hydrocarbon mixtures. 
H 

As a check on the selectivity of this test, the behavior of 9,10- 

dihydrophenanthrene was studied and, as was to be expected, gave 

a negative test. The 9,10-dihydrophenanthrene was kindly placed 

at our disposal by Dr. Erich Mosettig. 

Should these hydrocarbons prove to be fluorene derivatives 
and their primary character assumed, then cevine could contain 
a completely hydrogenated 3 ,4- or 1 ,2-cyclopentenofluorene ring 
system and in the latter case would be somewhat suggestive of 
the sterol ring system with Ring B 5-membered. However, in 
either case, the formation of 4,5-benzohydrindene as well as that 
of the naphthalic acid anhydride obtained from decevinic acid 
(5) by sulfur dehydrogenation could be explained only by ring 
enlargement of Ring 2. Both these derivatives were obtained by 
dehydrogenation, although under temperature conditions much 
lower than those usually supposed to cause ring enlargement of a 
cyclopenteno derivative (8). Ring 4 would be attached either 
as it is represented in the formula, to positions 1,2 on the fluorene 
nucleus or to positions 3 ,4 in order to permit the formation of the 
4,5-benzohydrindene. 

These considerations can only be of the most tentative char- 
acter based on the observations which we have thus far been able 
to make. Modification may well become necessary as more data 
are obtained but our observations serve the purpose of suggesting 
possible further modes of approach in a field very confusing and ex- 
perimentally very difficult. There is naturally a temptation to 
attempt to reconcile the data obtained with something approaching 
a sterol ring structure, since there are alkaloids already known 
such as the Solanum alkaloids which are considered to have such 
a structure. However, we have always been confronted with the 
unique and striking fact that while the hydrocarbon dehydrogena- 
tion products of cevine thus far isolated can be shown to have a 
relation with each other, they do not, to our knowledge, coincide 
with any sterol dehydrogenation product thus far isolated. Either 
some unique structural arrangement is responsible for such a 
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behavior, or, what is more probable, cevine does not bear a close 
relationship to the sterols. 


EXPERIMENTAL 


Dehydrogenation of Perinaphthenone with Selenium—1.5 gm. of 
perinaphthenone prepared according to the directions of Fieser 
and Hershberg (2) were ground with 4 gm. of selenium and heated 
in the customary apparatus for dehydrogenation at a temperature 
of 340° and in an atmosphere of nitrogen for 2 hours. ‘The material 
remaining in the flask was pulverized and extracted with ether. 
After evaporation of the ether extract, a residue of 0.45 gm. re- 
mained. This was dissolved in 10 cc. of benzene and passed 
through a chromatograph prepared with 40 gm. of Brockmann’s 
alumina in benzene. ‘The first 100 cc. of benzene coming through 
the column after the solvent originally present had passed were 
concentrated through a Vigreux column until a syrup remained. 
This syrup was then placed in a small still (5 em. column) of the 
type previously reported (12) and fractionated. 50 mg. of ma- 
terial distilled at a bath temperature of 140° and under 2 to 3 mm. 
pressure. This material crystallized in the condenser and melted 
at 60-63°. After recrystallization from ether-petroleum ether 25 
mg. were obtained which melted at 62-63°. The melting point 
reported by Fieser and Hershberg for perinaphthane was 65.1 
65.4°. 


CisHy. Calculated, C 92.80, H 7.20; found, C 92.11, H 7.04 


Since the analytical data indicated impurity, the picrate was 
prepared and crystallized from acetone. The orange needles had 
a micro melting point of 148-150°. Fieser and Hershberg (2) 


report a melting point of 150—-151°. 


» 


CysHisO7Ns. Calculated, C 57.43, H 3.80; found, C 57.26, H 3.51 


Addition of CH;MgI to Perinaphthenone (Methylperinaphthene) 
CH;MglI was prepared in the customary way with 4 cc. of methyl 
iodide and a small excess of Mg. To this reagent was slowly added 
a solution of 2 gm. of perinaphthenone dissolved in a few cc. of 
benzene diluted with several volumes of ether. There was little 
evidence of reaction except that the color of the solution became 
reddish brown. After being refluxed for an hour the mixture 
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was poured on crushed ice and then acidified with HCl. The 
ether layer was dried over K,CO; and evaporated to dryness in 
a sublimation apparatus. 1.6 gm. of material sublimed up to a 
temperature of 120° and under 0.2 mm. pressure. It was light 
yellow at first but soon turned reddish brown. 

The sublimate was dissolved in 10 ec. of benzene and passed 
through a chromatograph of 60 gm. of Brockmann’s alumina in 
benzene. As soon as material appeared at the lower end, 30 cc. 
were collected and evaporated. This contained 0.8 gm. of an 
almost colorless oil which was set aside as Fraction 1. The next 
100 ec. of eluent appeared to have a more distinct color and on 
evaporation yielded 500 mg. of residue which crystallized readily. 
On recrystallization from ether 270 mg. of stout yellow-green 
columns were obtained which melted at 87-88°. Since the analy- 
sis showed the substance to be oxygen-containing, it was not 
investigated further. 


CyHwO. Caleulated, C 86.55, H 5.15; found, C 86.58, H 5.19 


Distillation of Fraction 1 and analysis of the distillate indicated 
it to contain considerable amounts of an oxygen-containing sub- 
stance. It was dissolved in 10 cc. of commercial isohexane and 
chromatographed with 60 gm. of Brockmann’s alumina in iso- 
hexane. The first volume of 50 cc. containing dissolved material 
was collected. This yielded 300 mg. of an oil which crystallized. 
It distilled completely at an oil bath temperature of about 130° 
and 0.2 mm. The substance showed a micro melting point of 
60-65° but retained a slight green color. 


CyuHy. Calculated, C 93.33, H 6.67; found, C 93.46, H 6.67 


If the crystalline material from the chromatograph was re- 
crystallized directly from isohexane without distillation, the sub- 
stance obtained was practically colorless and had a micro melting 
point of 63-65°. However, on standing at room temperature for 
several hours, color appeared and in a few days the substance 
changed to a dark green oil. 

The absorption spectrum curve of this substance is given in 
Fig. 4. 

Treatment of Methylperinaphthene with Selenium—0.5 gm. of 
the hydrocarbon was ground with 2 gm. of selenium and dehydro- 
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genated in the customary vessel in an atmosphere of nitrogen by 
heating for 1 hour at 340°. The pulverized reaction mixture on 
extraction with ether yielded an oil which was fractionated in a 
microdistillation apparatus. 75 mg. of colorless oil distilled up 
to 140° and under 1 mm. pressure. At a slightly higher tem- 
perature 50 mg. further distilled but this fraction had a slight color. 
The first fraction crystallized directly when chilled but melted 
again at room temperature. It could not be crystallized from 
a solvent. On standing it remained colorless. Analysis indicated 


TABLE I 


Fractionation of Acenaphthylene 


Column temperature 


Fraction No. (120° bath tempera- Weight Micro m.p. 
ture) 
wv. mg. . 

l W 50 5O0- 75 

2 90 50 88- 91 

3 90 90 89— 92 

4 nt 130 83— 87 

5 ) 140 73- 81 

6 90 80 92-108 

7 90 30 75-— 87 

: Ss 96 140 81- 87 
9 96 50 89— 93 


addition of 2 atoms of hydrogen and formation of a methylperi- 


naphthane. 


CyHy,y. Calculated, C 92.26, H 7.74; found, C 92.37, H 7.80 


Acenaphthylene—This substance was prepared according to 
Blumenthal (13) by passing 2 gm. of acenaphthene through a hot 
tube filled with lead oxide. The entire distillate was crystallized 
in the cold from about 10 cc. of ether. 1 gm. of needles was 
collected which proved to be unchanged acenaphthene. The 
concentrated mother liquor was placed in a microfractionation ap- 
paratus (12) having a column 22 cm. in length. The fractionation 
was carried out under 0.2 mm. pressure (Table I). Fraction 3 


was taken for analysis. 


CyHs. Calculated, C 94.69, H 5.31; found, C 94.64, H 5.49 
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Upon recrystallization from ether, golden yellow plates were 


obtained which had a micro melting point of 92-94°. This mate- 
rial was used for the absorption spectra study. The melting 
point reported in the literature is 92°. 


] 
2 
3. 
! 
5 


. Craig, L. C., 


. Bergmann, E., 
. Vanscheidt, A. A., J. Gen. Chem., U.S.S.R., 4, 875 (1934). 
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In the previous paper (1) a discussion concerning the nature of 
the hydrocarbons obtained from the selenium dehydrogenation of 
cevine was presented on the basis of a study of their ultraviolet 
absorption spectra. While experiments are in progress to ob- 
tain further evidence, we have attempted to extend the same sort 
of study to the degradation product, cevanthridine, which appears 
to contain all but a few of the carbon atoms originally present in 
cevine. | 

Cevanthridine was first isolated by Blount (2) more than 5 
years ago but aside from certain deductions drawn from x-ray 
studies of the crystals (3) in regard to the molecular dimensions 
nothing further has appeared which has a bearing on the structure 
of this substance. However, from data now available in this 
laboratory it is possible to obtain certain additional suggestions 
regarding its nature and its relationship to the simpler hydrocarbon 
degradation products reported by us. 

The empirical formula C2;H2N was proposed by Blount for 
cevanthridine on the basis of the analysis of the free base and of 
its methiodide. In the case of the picrate, however, the analytical 
data seemed to come consistently high in carbon and this substance 
was therefore assumed by him to contain less than the molecular 
ratioof picricacid. Such analytical results we have also encountered 
with the picrate and while our analytical results are in good agree- 
ment with those of Blount for the free base, we have consistently 
obtained higher carbon figures in the analysis of the methiodide. 
These results offer the suggestion that cevanthridine may be after 
all a somewhat larger molecule than originally proposed by Blount. 
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Our analytical figures seem to indicate rather a formulation of 
CesHe;N, which is also in agreement with the analytical results 
reported by Blount on the picrate and the free base. ‘This formu- 
lation is further supported by a study of the hydrogenation product 
resulting from the catalytic hydrogenation of cevanthridine de- 
scribed below, as well as of derivatives of this substance. Since 


TABLE I 


Cevanthridine and Derivatives 





Calculated Found 
Substance | CxuHaN CuHaN CaHauN 
C H c |H C H " 

| | 
Cevanthridine 87 56/7 .99|87.48|8. 26/87. 92|7.97/87.70|8.10 
a | —_|87.59/8.24 
Methiodide 6301/6. 17/63 .68)6. 56/64 56/6. 25/64. 30/610 
64.19/6.39 
162.8 |6.1* 
Picrate 63 955 1Si64 49|5 411/65. 2415 30/65 4615.16 
| | | | 65 65/5.31 
(65.1 |5.4* 
| | | |65.2 [5.4 
Dihydro- 87 .01/8 . 57/86 .96)8 82/87. 41/8. 52/86 .93)8.81 
| 86 84/8. 89 

Tetrahydro- 86 16/9 15/86 44/9 37)86 91/9 .05) 
Acetyldihydro- 83. 52|8. 14/83 .60/8 37/84. 11/8. 11/83. 84/8 .39 
| | | —- |83.9418.58 

Acetyltetrahydro- 183 .06/8 .65/83 . 13/8. 86/83 . 68/8. 59) 
Dihydro- hydrochloride 78 06/7 .98/78 . 33/8. 22/79 01/7 96/78 44/8 .43 


paul | 


59/8. 50 


78 . 57/8 .33 








Tetrahydro- hydrochloride 77 77 .90/8. 72/78 .53)8 .45 

| | 
Dihydro-p-bromobenzoyl- 71.98/6 04/72. 36)6.27|72 99/6. 13/72. 66/6. 87 
Tetrahydro-p-bromobenzoyl- 71.72/6.42)72.08)6 .64/72.70/6.48 | 


* Results taken from the paper of Blount (2). 


it is so often difficult to decide on the proper formulation of a 
substance of this type, Table 1, containing the theoretical values 
for the various formulas together with the analytical results, is 
given, 

The catalytic hydrogenation of cevanthridine has been studied 
as part of the investigation. When cevanthridine was hydro- 
genated in glacial acetic acid with the platinum oxide catalyst of 
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Adams and Shriner, somewhat more than 2 moles of hydrogen 
were readily absorbed. The hydrogenation product readily 
crystallized under ether and melted at 158-159°. This tetrahydro- 
cevanthridine contains a nitrogen atom which must now be sec- 
ondary in character, since it readily yielded an acetyl derivative 
with acetic anhydride. The acetyl derivative did not form a 
hydrochloride, as contrasted with the parent base which readily 
yielded a crystalline hydrochloride. The analytical data in Table I 
are all in conformity with a tetrahydro derivative on the basis of 
the CosHe;N formula now proposed by us. 

If either the formula assigned to cevanthridine by Blount or 
one with one CH, more is assumed, the hydrogenated derivative 
could be only a dihydro derivative, since the addition of 4 hydro- 
gen atoms to either of these formulas would result in formulations 
not supported by our analytical results. On the other hand, if 
cevanthridine should yield a dihydro derivative which possesses 
a secondary nitrogen atom, the only probable structure would be 
that of an acridine derivative in order to make such a transforma- 
tion possible. It is difficult to see how an acridine derivative could 
be formed from an octahydropyridocoline or similar ring system 
(4) such as appears to be present in the cevine molecule without 
postulating involved degradation followed by synthesis during the 
selenium dehydrogenation. 

A more probable explanation would seem to be that one ring 
of the assumed bicyclic nitrogen ring system is ruptured to give 
an intermediate secondary nitrogen in the ring which is joined to 
the remaining part of the molecule. This ring could then be 
dehydrogenated with the remainder of the molecule to a quinoline 
or isoquinoline derivative. Such a derivative would form a tetra- 
hydro derivative under the conditions used for the hydrogenation 
and the formulation, therefore, of CssH2;N for cevanthridine ap- 
pears to be the most satisfactory. It is not only supported by the 
analytical results found with the base itself but also with those 
obtained with the methiodide and the picrate. 

A study of the absorption spectrum of cevanthridine' has been 
made in order to learn if a relationship would be found to the type 
of absorption shown by the hydrocarbons obtained from the same 


'The absorption spectra curves were very kindly determined by Dr 
George I. Lavin of the Rockefeller Institute. 
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dehydrogenation. While an obvious relationship does not at 
once appear with cevanthridine itself, as comparison of Curve 1, 
Fig. 1, with Curve 2 of the C;;His hydrocarbon will show, the absorp- 
tion spectrum of the tetrahydro derivative, Curve 3, is strikingly 
similar to that of the hydrocarbon. The conclusion may therefore 
be drawn that the same ring structure present in the hydrocarbon 
is probably also present in the tetrahydro derivative of cevan- 
thridine. Further, since the substitution of a nitrogen directly 
on an aromatic ring can greatly change the absorption spectrum 


24 
22} 


201 
2200 





2400 


A in A. 


Fig. 1. Absorption spectra of cevanthridine (Curve 1), Ci7His hydro- 
carbon (Curve 2), and tetrahydrocevanthridine (Curve 3). 


as demonstrated for example by the difference in the absorptions 
shown by naphthalene and aminonaphthalene (5), the nitrogen 
in tetrahydrocevanthridine may be inferred to be at least 1 carbon 
atom removed from the aromatic nucleus, such as is found in a 
tetrahydroisoquinoline derivative. 

In the previous paper (1), of the three structures discussed as 
more or less in harmony with the absorption spectra and properties 
of the hydrocarbons isolated from the dehydrogenation of cevine, 
a cyclopentenofluorene structure appears perhaps most satis- 
factory. On such a basis, it is possible that cevanthridine may 
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have a structure in which an additional 6-membered nitrogen 
ring is joined at some position on either of the benzene rings and 
thus may form an isoquinoline derivative. Since alkaloids re- 
lated to the sterols are known to occur, it might be considered 
possible that the position of the nitrogen ring could be as shown 
in Formula I. 

But in the attempt to reconcile such possibilities with Ring 2, 
whether 5- or 6-membered, it is still difficult to see how an octa- 
hydropyridocoline or such bicyclic saturated tertiary base could 
break away intact from two other rings such as Ring 3 or 4 on 
pyrolysis. It may be that the union between the bicyclic basic 
portion of the alkaloid and the remainder of the molecule is by 
means of a single carbon-to-carbon bond and that the formation of 
the nitrogen ring of cevanthridine on pyrolysis is due to secondary 
ring closure. In any event much more work will have to be done 
to correlate properly all of the data at hand. 

The empirical formula of cevine is Co7HgOsN. This formula 
when related back to the saturated hydrocarbon without rings 
implies a total of seven rings plus double bonds. Although 
originally the possibility had been considered that it might contain 
a lactone group because of the ability to form a potassium deriva- 
tive (6), later study has failed to give any evidence of the presence 
of the necessary carboxyl group. On the other hand, there is a 
possibility that the presence of an enolic hydroxyl group (7) could 
account for the formation of a pota&sium derivative. Catalytic 
hydrogenation studies (7) have revealed the presence of a single 
unsaturated linkage and perhaps the one responsible for the enolic 
hydroxyl (ketone?) group. Absorption spectra studies have failed 
to reveal absorption bands in the region where benzenoid substances 
are known to absorb. It would appear, therefore, that there are 
no double bonds present aside from the one mentioned. In general 
conformity with this assumption is the failure to isolate anything 
benzenoid from among the products of the soda lime or zine dust 
distillation as well as the number of rings found to be present in 
the hydrocarbons from the selenium dehydrogenation. Accord- 
ingly the ring structure of cevine can be assumed to be hexacyclic. 

Four of these six rings may be accounted for by two of the deg- 
radation products; namely, the so called octahydropyridocoline 
fragment and decevinic acid. Together these two derivatives 
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account for 24 of the 27 carbon atoms originally present in cevine 
and may be joined to each other in such manner that two further 
rings are formed. At least one of these rings is very likely 5- 
membered and appears in the benzohydrindene hydrocarbon. On 
the basis of the structures postulated for the other hydrocarbons 
from the selenium dehydrogenation the remaining ring must be 
6-membered. Thus all the rings could be accounted for and there 
would remain the manner in which they are joined to be 
determined. 


EXPERIMENTAL 

Cevanthridine Methiodide—30 mg. of cevanthridine when treated 
with excess methyl iodide at first dissolved but soon deposited 
crystals. After the mixture was refluxed for several hours, the 
crystalline material was collected. The melting point was 268 
270°, depending somewhat on the rate of heating, and was not 
changed by recrystallization from acetone. Blount (2) reported 
255-256°. 


CosHgoNI. Calculated, C 64.56, H 6.25; found, C 64.30, H 6.10 
~~ ~ Ga 


Hydrogenation of Cevanthridine—60 mg. of cevanthridine were 
hydrogenated in 3 ce. of glacial acetic acid with 50 mg. of platinum 
oxide catalyst. After the mixture was shaken under approxi- 
mately 3 atmospheres of hyArogen for 1.3 hours, 2 moles of hy- 
drogen had been absorbed and the absorption became slow. It 
was interrupted at this point although previous experiments had 
shown that hydrogenation gradually proceeded further. The 
filtrate from the catalyst was evaporated to dryness under reduced 
pressure. After treatment with NaOH solution, the base was 
extracted with ether. This yielded on concentration 40 mg. of 
crystalline material which melted at 151-156°. Upon repeated 
recrystallization a melting point of 158-159° was obtained. 


CysHyN. Calculated, C 86.91, H 9.05; found, C 86.93, H 8.81 
“ $6.84, “ 8.89 


When a suspension of cevanthridine in a few cc. of ethyl alcohol 
containing a slight excess of HCl was hydrogenated, the hydro- 
chloride was directly obtained on concentration. 25 mg. of well 
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formed crystalline blades were collected. The material did not 
possess a well defined melting point but sintered and decomposed 
from 280-295°, depending somewhat on the rate of heating. 
Neither the analytical data nor the melting point changed upon 
recrystallization. 


(ysH3,N-HCl. Caleulated, C 78.53, H 8.45; found, C 78.57, H 8.33 
“3.4, “8.2 


Acetyltelrahydrocevanthridine—20 mg. of the tetrahydro deriva- 
tive were refluxed for 2 hours in acetic anhydride. After con- 
centration the residue was dissolved in ether. The solution was 
extracted with dilute HCl and dried. On concentration of the 
ether solution crystalline material appeared. It melted at 202- 
203° and after repeated recrystallization at 206-207°. 


CyoHyON. Calculated, C 83.68, H 8.59; found, C 83.84, H 8.39 
** $3.94, ** 8.58 


p-Bromobenzoyltetrahydrocevanthridine—Approximately 30 mg. 
of the tetrahydro derivative were treated with 30 mg. of p-bromo- 
benzoyl chloride and 2 ec. of 10 per cent NaOH. After the mix- 
ture was warmed somewhat to destroy the excess chloride, the 
product was extracted with ether. The substance separated from 
ether-petroleum ether and showed a micro melting point of 
107-113°. 

CyHsyONBr. Calculated, C 72.70, H 6.48; found, C 72.66, H 6.87 
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The aerobic glycolysis of mammalian tissues is increased by 
carbon monoxide. This effect is reversible and photosensitive 
(2,3). <A primary CO inhibition of respiration is not the cause, 
since the respiratory rate remains unaltered under these conditions 
(3). The hypothesis that the Pasteur reaction, 7.e. the check of 
fermentation by oxygen, is mediated by a specific catalyst con- 
taining heavy metal is strengthened by the selective inhibition 
of the effect by ethyl isocyanide (4). The term Pasteur enzyme 
is herewith proposed for this thermolabile (5), negative catalyst. 
In order to determine the chemical constitution of the enzyme, its 
spectrum has been studied by Warburg’s photochemical method 
(6). This method utilizes the affinity of ferrous iron for carbon 
monoxide and the reversible photodissociation of iron-carbonyl 
complexes. Since only that fraction of incident light which is 
absorbed can exert a chemical effect, the efficiency of monochro- 
matic radiation of constant intensity will be proportional to the 
degree of absorption of light of a given wave-length by the FeCO 
complex. When continuous illumination is used and the photo- 
chemical effects of the various wave-lengths are referred to one 
wave-length chosen arbitrarily as the reference standard, the 
relative spectrum of the catalyst is obtained. This yields the 


* This work was aided by a grant from the Jane Coffin Childs Memorial 
Fund for Medical Research. A preliminary report bar been published (1). 
Some of the data were presented before the Thirty-fourth annual meeting 
of the American Society of Biological Chemists (1940). 

t Finney-Howell Research Foundation Fellow, 1939-41. 
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pattern and the positions of the absorption maxima. ‘The absolute 
spectrum in terms of extinction coefficients referred to 1 gm. atom 
of iron is determined with the aid of intermittent illumination, 
The photochemical efficiency spectrum has been shown to be 
identical with the absorption spectrum of iron-carbony! complexes 
(7). The present paper deals with the relative spectrum of the 
Pasteur enzyme in the region from 405 to 655 mu. 

The arrangement of the experiments is briefly the following. 
Rat retinas are suspended in a medium containing bicarbonate and 
glucose; they are then equilibrated in the dark with a gas mixture 
containing CO, O., and CO.. With the inhibition of the Pasteur 
effect by CO, the already considerable aerobic glycolysis of this 
tissue is further increased to values approaching the level of an- 
aerobic glycolysis. Each molecule of lactic acid formed by the 
tissue liberates 1 molecule of CO, from the bicarbonate of the 
medium. The resulting increase in pressure is measured with the 
aid of a differential manometer. Upon illumination with mono- 
chromatic light of known, high intensity, the rate of lactic acid 
production and of the subsequent CO, formation is decreased to 
an extent depending on the intensity and the wave-length of the 
radiation employed. The photochemical efficiency of each wave- 
length is compared with the effect of the reference wave-length 
136 my on the same retinas. 


EXPERIMENTAL 
Influence of CO on Metabolism of Retina Tissue 


Laser’s experiments on the effect of CO on tissue metabolism (3) 
were conducted at 38°; Warburg and Negelein (8), however, had 
already demonstrated a marked effect of light on the glycolysis 
of CO-treated rat retinas at 25°. In view of the finding of Kubo- 
witz and Haas (9) that the light sensitivity of the CO compound 
of the respiratory enzyme is increased upon lowering the tempera- 
ture, the present photochemical experiments were carried out at 
26.6°. This made it necessary to repeat the experiments of Laser 
at this temperature. With Warburg’s two vessel method and 
Summerson’s modification of the Dixon-Keilin method, it was 
found that at 26.6°, just as at 38°, the respiration is not affected by 
replacing a gas mixture of 95 per cent O, and 5 per cent CO, 
by one of 10 per cent O2, 5 per cent CO,, and 85 per cent CO. 
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However, the glycolysis approaches the anaerobic level in the 
presence of the CO. In the absence of O., CO has no stimulat- 
ing effect on glycolysis. The data are summarized in Table I. 
Photochemical Apparatus and Procedure 
The arrangement of the photochemical apparatus is schemati- 
cally represented in Fig. 1. It follows essentially the design of that 
used by Warburg and his associates (9, 11). 

The glycolysis is measured with the aid of a differential man- 
ometer with cylindrical vessels of the form sketched. Four to 
TaBLeE I 
Selective Inhibition of Pasteur Reaction in Retina by CO 


| At 26.6° (present experiments) 











Atmosphere Two vessel Dixon-Keilin- ine T ) 
method of Summerson 2% 
i | Warburg method 
ae _— ‘ieee 
QG | QG QG 
95% No, 5% COrz 24* 30* | 88 
95% CO, 5% * 25 
85% “* 10% O2, 5% CO, 22 31.5 79 
85% Nz, 10% “ 5% “ 16 18 70 
95% O2, 5% COs; 11 12 45 
Qo, Lo, 202 
85% CO, 10% Oz, 5% COsx.. 9 9 31 
85% Ne, 10% “* 5% “ 9 11 31 
95% O2, 5% CO, 10 9.5 3l 


* These values were obtained with simple Warburg-Barcroft manometers 
at the same time when the other determinations in the same series were 


performed. 


six freshly removed rat retinas are placed in one vessel containing 
2 ec. of glucose-Ringer-bicarbonate solution. The Ringer’s so- 
lution contains 96 cc. of 0.9 per cent NaCl, 2 ce. of 1.22 per cent 
CaCl, 2 cc. of 1.15 per cent KCl, 20 ce. of 1.3 per cent NaHCO, 
(through which CO, has been previously passed), and 240 mg. 
of glucose. A control experiment in which the glucose concentra- 
tion was increased 3-fold (600 mg. per 100 cc. of Ringer’s solution) 
yielded the same results as with the smaller glucose concentration, 
which indicates that during the photochemical experiments the 
enzyme systems concerned were saturated with substrate. The 
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first experimental reading is taken 20 to 25 minutes after the gas 
flow has been stopped, and the pressure has been equilibrated 
against the atmosphere. The compensation vessel contains 2 cc, 
of the Ringer’s solution. The volume of each vessel is 20.2 cc., 
so that the ratio of gas volume to fluid volume is large. Under 
these conditions the respiratory exchange produces no appreciable 
pressure changes; the positive pressures recorded result, therefore, 
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Fig. 1. Schematic diagram of the photochemical apparatus (not drawn 
to scale). 


from lactic acid formation and the subsequent liberation of carbon 
dioxide from the bicarbonate-containing medium. 

The cross-section of the manometer capillary is 0.5 sq. mm.; 
the capillary is filled with isocaproic acid (11,160 mm. = 760 
mm. of Hg) or with Brodie’s fluid (10,000 mm. = 760 mm. of 
Hg). To facilitate the filling of the capillary a stop-cock is in- 
serted at the base of the U-shaped capillary tube. 

The manometer is rotated around its vertical axis by means of 
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a motor in connection with an eccentric disk, with the result that 
the vessels make excursions of 1 to 2 mm. amplitude about a 
fixed point in the thermostatically controlled bath. The usual 
rate of rotation is 350 revolutions per minute. The pressure 
changes taking place are automatically recorded during the ex- 
periment by photographing the levels of the manometer fluid at 
regular intervals with a camera fitted with a specially corrected 
long focus lens of 5 cm. aperture (f = 82cm.). The magnification 
ratio is 0.8. The photographic recording process is controlled 
by a clockwork in conjunction with relays and a solenoid switch. 
When the minute hand of the clock makes contact with metal 
posts which can be spaced at distances corresponding to intervals 
of 1 to 10 minutes, an electromagnet becomes energized, and the 
following sequence of events takes place. (1) The shutter of the 
camera opens. (2) A gas-filled fluorescent sign. tube mounted on 
the back of the manometer is lighted for a fraction of a second by 
means of a 110 volt p.c. impulse sent through a transformer (9000 
volts; 0.045 ampere). (3) The shutter is closed. (4) The break- 
ing of the direct current connection through the transformer 
causes the sign tube to flash again. (5) The film in the camera 
is advanced by a motor to receive the next image. (6) The motor 
is stopped automatically. The flash of the sign tube caused by 
the “make” charge during step (2) is rapid enough and of suffi- 
cient intensity to record an unblurred image of the levels of the 
manometer fluid on the film (Eastman positive, 35 mm.) without 
stopping the motion of the manometer. The second flash (step 
(4)) is not recorded because the shutter has been closed in the 
meantime. The films are later read either with the aid of a 
Bausch and Lomb measuring magnifier or by projection of the 
film on a graduated screen. 


Isolation of Monochromatic Radiation 


The light sources used include a high pressure mercury arc 
lamp (General Electric, Type H-3), an electrical sodium lamp 
(General Electric Vapor Lamp Company, sodium Labarc), and 
a high intensity carbon arc lamp modeled after that of Kubowitz 
and Haas (9). The arc is operated on 220 volts p.c. and 50 to 75 
amperes. It is stabilized by an air draft produced by an oil burner 
fan, a pair of electromagnets on either side of the arc, and by 
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mechanically rotating the water-cooled anode during the experi- 
ment. The light emission is varied by means of anode carbons, 
the cores of which are filled with various salts (Ca, Sr, Li, Mg, Cu).! 
The cathode carbons were usually copper-coated. A diagram of 
the lamp will be found in the paper of Kubowitz and Haas (9). 
During the experimental light periods the carbon are is regulated 
by advancing the cathode and the rotating anode by hand. By 
reflecting, with an inclined clear glass plate inserted in the light 
path, a small part of the light upon a Weston photronic cell con- 
nected to a galvanometer, it is possible to keep the light intensity 
constant by maintaining a constant deflection of this galvanometer 
through manual control of the electrodes. ‘This is facilitated by 
projecting an enlarged image of the burning electrodes on a screen, 
With the aid of Dr. L. H. Ott, an attempt was also made to utilize 
high voltage sparks between magnesium and tungsten electrodes 
in nitrogen and carbon dioxide atmospheres respectively. How- 
ever, the equipment available to us yielded radiation of insufficient 
intensity. The light coming from the various sources is rendered 
parallel by suitable biconvex glass lenses made by Bausch and 
Lomb. The light filters employed include polished, colored glasses 
(Corning and Schott filter glasses), and solutions of dyestuffs* 
and inorganic salts contained in plane-parallel cemented glass 
cells. The mirrors are first surface silver mirrors on optical flats 
(Bausch and Lomb). All optical parts are mounted on riders on 
optical benches (Fuess). The manometer vessels are immersed 
in a closely controlled thermostat equipped with glass windows. 
The light enters the vessel containing the tissue from below with 
the aid of an adjustable mirror placed in the tank. The illumina- 
tion is uniformly spread over an area larger than that covered by 
the vessel during its excursions. The intensity of the light in 
gm. calories per sq. cm. per minute is measured before and after 
each experiment by means of a carefully shielded, calibrated Moll 
thermopile (Kipp and Zonen) in conjunction with a Leeds and 
Northrup mirror galvanometer (sensitivity, 0.1 microvolt = 10 
mm. deflection). By connecting a 1.5 volt battery in series with a 
500,000 ohm resistance, and then placing this circuit in parallel 


'The special carbon electrodes used in this work were made by the 
Siemens-Plania works which had furnished the carbons for Warburg’s work 

*A number of the dyes used were kindly given to us by the National 
Aniline and Chemical Company, Ine 
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with a 1 ohm resistance in the thermopile-galvanometer circuit, one 
may check the sensitivity of the galvanometer during the energy 
measurements. Because of zero drifts of the galvanometer it is 
necessary to admit an opposing small voltage (of the order of 10~® 
volt) which is controlled by a potentiometer as illustrated in Fig. 1. 

The intensity of the light beam is measured before it enters 
the thermostat. The loss due to reflection and absorption by the 
windows and water is estimated with the aid of a photoelectric 
cell (Weston) which may be held in the bath in place of the experi- 
mental vessel. A record of the spectral purity of the radiation 
is obtained with a Hilger glass spectrograph. The photometry 
of the spectrograms enables one to determine the spectral purity 
of the light. The wave-lengths are checked by photographing 
the mercury spectrum in juxtaposition with the spectrum of the 
experimental radiation. The absence of infra-red light is ascer- 
tained by photographing the spectrum of the filtered radiation 
on infra-red-sensitive plates (Kastman No. III-L). Table II 
lists the wave-lenths of light employed in the present study, to- 
gether with the source of light, the filters necessary for their isola- 
tion, and the intensity of the light beam before entering the ther- 


mostat. 


Determination of Photochemical Efficiency Ratios (8,/B436) 


The method of charting photochemical absorption spectra has 
been described by Warburg (6). In the present case the photo- 
chemical effect consists in the relief of the CO inhibition of the 
Pasteur reaction; that is to say, glycolysis in the presence of 85 
per cent CO and 10 per cent Os, in the dark, is enhanced, and the 
illumination of the system tends to diminish the rate of glycolysis. 

When the intensities of two wave-lengths of light which will 
produce the same photochemical effect are known, the relative 
light absorption coefficient as referred to a standard wave-length 
may be calculated, for the ratio of the absorption coefficients is 
the reciprocal of the ratio of the light intensities times the wave- 
lengths. 

B:/Bs = t2h2/ti 
This equation is based on fundamental quantum relationships and 
has been experimentally verified for the case of FeCO complexes 
by Warburg and Negelein (7). 
An additional factor must be considered in the case of retina, 
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405 


407 


436 


128-459" 


430-470t 


431-462§ 


457 || 


Spectrum of Pasteur Enzyme 


Taste II 
of Monochromatic Light Used in Photochemical Experiments 








Light source Filters Intensity K 10 





gm. calorie per 
8g. Cm. per min. 


Mercury lamp) Noviol shade O, 2.7 mm., Corning | 4.2 
No. 306; red-purple ultra, 3.8 
mm., Corning No. 597; light 
blue-green, 2.0 mm., Corning 


No. 428 
Strontium- Water, 5cm.;ammoniacal copper | 3.0 
carbon sulfate (25 gm. CuSO,-5H,O + 


1000 cc. H:O + 55 ec. 25% 
NH,OH), 2.5 cm.; noviol shade 
O, 2.7 mm., Corning No. 306; 
red-purple ultra, 3.8 mm., 
Corning No. 597 
Mercury lamp Extra light aklo, 2.3 mm., Corn- 1.54.0 

ing No. 395; noviol shade A, 2.5 
mm., Corning No. 038; violet, 
2.0 mm., Corning No. 511; am- 
moniacal copper sulfate (as 407 


my) 
Calcium- Water, 5 cm.; copper sulfate, t L.5 
carbon 10%, 2.5em.; extra light aklo, 


2.3mm., Corning No. 395; vio 
let, 2.0 mm., Corning No. 511; 
noviol shade A, 2.5 mm., Corn- 
ing No. 038 
Copper-car- Water, 5cm.; ammoniacal copper 1.1 

bon sulfate (as 407 my) ; copper sul- 
fate, 10%, 2.5 cm.; noviol shade 
A, 2.5 mm., Corning No. 038; 
violet, 2.0 mm., Corning No 
511; dark blue-green, 3.9 mm., 
Corning No. 430 


Strontium- Same as 430-470 my from copper- | 1.0 
carbon carbon 

Magnesium- Water, 5cm.;ammoniacal copper 2.3 
carbon sulfate (as 407 my); noviol 


shade A, 2.5mm., Corning No. 

038; dark blue-green, 3.9 mm.., 
Corning No. 430; blue-purple 
ultra, 3.1 mm., Corning No. 
585; extra light aklo, 2.3 mm., 
Corning No. 395 
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TaBLE II]—Continued 








Wave-length Light source Filters Intensity X 10¢ 
Fmt gm. calorie -~ 
ee 8q. Cm. per min. 
460 | Lithium-car- | Water,5cm.;ammoniacal copper | 5.8 
bon sulfate (as 407 my); noviol 


shade A, 2.5 mm., Corning No. 
038; extra light aklo, 2.3 mm., 
Corning No. 395 

487, 4979 | Strontium- Water, 5 cm.; Guinea green B** | 4.3 
carbon | (18 mg. in 100 cc.), 2.5 em. ; ex- 
| tra light aklo, 2.3 mm., Corning 
| No. 395; H. R. lantern blue, 2.8 

_ mm., Corning No. 554; noviol 

shade C, 4.5mm., Corning No. 





| 338 
494 Magnesium- | Water, 5 cm.; Guinea green (as | 3.8 
carbon 487 my); light blue-green, 2.0 


mm., Corning No. 428; H. R. 
lantern blue, 2.8 mm., Corning 
No. 554; noviol shade C, 4.5 
mm., Corning No. 338 
Water, 5 cm.; copper sulfate, | 4.6 
10%, 2.5 em. ; Guinea green (as 
487 mu); noviol shade D, 2.0 
mm., Corning No. 338D 
515, 522tt| Copper-car- | Same as 517 mp» + extra light 
bon aklo, 2.3 mm., Corning No. 395 
525 Strontium- Water, 5 cm.; Guinea green (as | 10.9 
carbon 487 my); tartrazine** (64 mg. 
+ 100 ec. water), 2.5 em.; light | 
blue-green, 2.0 mm., Corning 
No. 428 
546 Mercury lamp} Extra light aklo, 2.3 mm., Corn- | 13.6 
ing No. 395; didymium, 5.0 
mm., Corning No. 512; H. R. | 
illusion pink, 4.6 mm., Corning 
No. 592; yellow shade yellow, 
2.0 mm., Corning No. 351; cop- | 
per sulfate, 10%, 2.5 em. 
553 Magnesium- Water, 5 cm.; copper sulfate, | 5.1 
carbon 24%, 2.5 cm.; H. R. yellow 
shade yellow, 2.0mm., Corning | 
No. 351; didymium, 14.0mm., 
Jena No. BG-11 
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TaBLe I1l—Continued 


Wave-length Light source Filters Intensity K 194 


" clap 
560 Caleium-car- | Water, 5 em.; copper sulfate, 7.1 
bon 10%, 2.5em.; H. R. yellow 

shade yellow, 2.0 mm., Corn- 
ing No. 351; didymium, 14.0 
mm., Jena No. BG-11; green, 
2.0 mm., Jena No. VG-3 
578 Mercury lamp) Extra light aklo, 2.3 mm., Corn- | 3.6 
ing No. 395; H. R. red shade 
yellow, 2.0mm., Corning No. 
348; copper sulfate, 10%, 2.5 


em. 
582 Strontium- Water, 5 cm.; copper sulfate, | 2.8 
carbon 24%, 2.6cem.; H. R. red shade 
yellow, 2.0mm., Corning No. 
348 
589 Sodium lamp | Ferrous sulfate,f{{ 20% in 10% 5.4 
H.SO,, 2.5cem.; H. R. red shade 
yellow, 2.0mm., Corning No. 
348 
597 Strontium- Water, 5 cm.; copper sulfate, | 7.1 
carbon 10%, 2.5em.; H. R. lighthouse 
red, 3.2 mm., Corning No. 246 
640-655 7 a Water, 5 tm.; ferrous sulfate (as | 7.6 
589 mu); copper sulfate, 10%, 
2.5cm.; H. R. signal red, 2.1 
mm., Corning No. 243 
640-650 Calcium-car- | Same as 640-655 mu from stron- | 9.5 


bon tium-carbon 


The thickness of the impregnated anode carbons was 20 mm. except in 
the instance of the lithium-carbon which was 12mm. The cathode carbons 
were copper-coated and, for the most part, copper-filled. Their thickness 
varied from 8 mm. to 14 mm., 8 mm. being the size usually employed. 
These latter electrodes were kindly supplied by the National Carbon Com- 
pany, Inc., Cleveland, Ohio. 

* The following lines are included: 428, 429, 430, 431, 432, 436, 443, 453, 
158, and 459 mu. 

+ CuSO,.5H,0. 

t The multiple line spectrum and the strong background emission in this 
region produce a fairly continuous spectrum between these wave-lengths. 

§ Lines at 431, 433, 434, 436, 444, 453, 457, and 462 muy, and rather pro- 
nounced background emission. 
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TaBLe IIl—Concluded 

|| Contains about 30 per cent impurities consisting of 460, 455, 452, 451, 
448, 443, 441, and 436 mu. 

{ Only these two lines present; very little background emission. 

** Obtained from the National Aniline and Chemical Company, Inc., 
Guinea green B, No. 433, tartrazine, No. 94. 

tt Small impurity at 529 myz. 

tt FeSO,.7H,0. 
for the metabolic rate of this tissue falls with time independently 
of CO or illumination. Therefore it is necessary to determine 
the “dark glycolysis” of the retinas before and after each light 
period. By graphical interpolation it is then possible to deter- 
mine what the glycolysis of the retina would have been, if the 
light had not been allowed to enter the system. The value of 
the ‘dark glycolysis” thus obtained is used to calculate the photo- 
chemical efficiency (A) of a particular wave-length of known 


intensity. 
4 — (4p/Ab)a — (Ap/At): 
: (Ap/At) a 
where A = photoactivity; (Ap/Aj)ja = change in pressure due to 


the glycolysis in the dark for the period At; and (Ap/At); = change 
in pressure due to the glycolysis in the light for At. 

The same intensity of the same wave-length of light does not 
invariably produce an identical photochemical effect in two differ- 
ent experiments. This difficulty is overcome by determining the 
light sensitivity of the retinas in each experiment. This is done 
by illuminating, during each experiment, with two different in- 
tensities of blue light at 436 mu. From the light activities which 
one determines for these two light intensities, one may plot in- 
tensity at 436 my against the photoactivity at 436 my. During 
the experiment between the two periods of illumination with 436 
mu, the retinas are subjected to the action of the “unknown” 
wave-length; unknown in the sense that all the absorption co- 
efficients are referred to the coefficient at 436 my which is arbitrar- 
ily fixed at 1.0. From the calibration curve of the experiment and 
from the photoactivity of a given intensity at the unknown wave- 
length, the intensity at 436 my which would produce the same 
photoactivity isfound. Over 100 photochemical experiments have 
been performed; the protocol of a typical experiment is presented 
in Table III. 
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TaBLeE III 


Photochemical Effect of Radiation at Wave-Length 436 mp Versus 546 mu on 
CO Inhibition of Pasteur Reaction in Rat Retina 


Protocol of Experiment 74 (March 16, 1940). 


Time Light Manometer deflections 
Ap/3 min. 
Wave-length Intensity 
gm. calorie per sq. 
rr — cm. per min. — 
0 
3 4.03} 4.00 
6 — 
10 546 8.6 x 10-4 
; > oe 
13 2.73 2 93 
16 3.12 
20 
99 9 77) 
ya o.4 - 
; 3.58 
26 3.00 
30 136 1.3 X 10 
33 2.60 
4“: oy 
36 2 53 
$2 
= ) 
45 3.12 , 12 
1s 3.12 
52 546 8.6 X 104 
- . @ 
ond 2.34 9 99 
ss ae ee 
62 
65 2.60 a 
én 2.64 
68 4.40 
72 136 Te 2» 
75 1.95 1 92 
78 1.69 
S82 
B 2.47 o 
2.44 
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Evaluation of Experiment 74 (Table IIT)—From Fig. 2 in which 
the glycolysis in the dark is plotted against time, there are ob- 
tained the values for (Ap/At), for the time when (Ap/At); was being 
measured (Table IV, Column 3). From these values and the 
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TABLE IV i 


Photoactivity, As Calculated from Data Given in Table III, 486 my 
Versus 646 mu 


ee 


A 
(4p/3 min.) ¢ 
(Ap/3 min.); —(p/3 min.); 


retreat 


Time Light (Ap/3 min.)¢@ | (apf min) a 

x 100 

(1) (2) (3) (4) (5) i 
min. mu een, mm. mm. per cent 
16 546 8.6 X 10 3.82 2.93 23.2 
36 436 1.3 X 10 3.32 2.57 22.6 
58 546 8.6 x 10~* 2.88 2.22 22.8 
2.57 1.82 29.2 


78 436 3.7 X 10-4 
experimentally determined (Ap/At); values the photoactivity ratios, 
A, were calculated as indicated in Table IV. 

In Fig. 3 the photoactivity at 436 my is plotted against the 
intensity at 436 my. From this calibration curve, it is found that 
a photoactivity of 23.0 per cent (average of the two 546 my values 
which were obtained with the same intensity at 546 my) would be 
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produced by 1.34 X 10-4 gm. calorie per sq.cm. per minute at 
136 my. This means that an intensity of 1.34 X 10~‘ at 436 my 
is equivalent to an intensity of 8.6 K 10-‘ at 546 my. The relative 
absorption coefficient at 546 my, then, is 

Bue - 1.34 X 10°* X 436 = 0.124 

Base 8.6 X 10-4 & 546 
Four experiments at \ = 546 my yielded a mean value of 0.11 
for Bsse/B8ase; Warburg and Negelein in their measurements on 
retina found this ratio to be 0.116. 





40 


Photoactivity 
~) 
Oo 
t 








= j iL A. "4 _—— 
2 3 4xiO gm. cal per cm 
per min 





° 


intensity At 436 my 


Fia. 3. Photoactivity curve at 436 my 


Results 


The relative absorption coefficients, as determined in the manner 
just described for twenty-one different wave-lengths in the visible 
region from 405 to 655 my, are presented in Table V. From these 
data, the relative absorption spectrum of the Pasteur enzyme-CO 
compound may be constructed (see Fig. 4). 

In two instances composite 8 values were determined for a 
pair of lines. For the strontium lines at 487 and 497 my, a 6 
value of 0.24 was found; the contour of the absorption curve 
charted without these two points indicates individual 8 values of 








Wave 
length 


my 
405 
407 
436 
428-459 
430-470 
131-462 
150 
450 
457 
1H) 
187 


194 


K. G. Stern and J. L. Melnick 


TABLE V 
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Relative Absorption Coefficients of Pasteur Enzyme 


Light 


source 


Hg 
Sr 
Hg 
Ca 
Cu 
Sr 
Cu 
Sr 
Mg 
Li 
Sr 


Mg 


* Calculated; see 


Fic 


/ 


BA 
Base 























Wave- Light F 
B/ Bye length source By /B 436 
mu 
0.39 497 Sr 0.27) 
0.42 515 Cu 0.42) 
- 
1.00 517 Mg 0.34| 6-band 
1.85 522 Cu 0.20 
2.02 525 Sr 0.08 
1.90 i 546 Hg 0.11 
-banc ‘ 
so* (| 7" 553 Mg 0.15 
$.75* 560 Ca 0.14 
1.35 578 Hg 0.75? a-band 
1.15 582 Sr 0.46) 
0.20 589 Na 0.26 
0.09 597 Sr 0.15 
640. 655 - 0.00 
640-650 | Ca 0.00 
the text 
4a 
he 
2 
ik 
iL i i "= i i 
oO 400 440 480 520 560 600 640 


my 


Relative photochemical absorption spectrum of the CO com- 


pound of the Pasteur enzyme in rat retina. 
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0.20 and 0.27 for 487 and 497 my respectively. Similarly, the 
value for the effect of the combined 515 and 522 my lines (8 = 
0.31) was found to equal the average of the two values for these 
lines as deduced from the absorption curve (8515 = 0.42; Bes» 
= (0.20). 

The determination of the 8450/8436 ratio presented a more diffi- 
cult problem. It was not possible to isolate any suitable single 
wave-length in the region between 436 and 457 my. Although 
the 448 mu line was isolated from a high tension Mg spark in a 
nitrogen atmosphere (11), the intensity was not sufficient. How- 
ever, with the carbon arc lamp and Cu-, Sr-, and Ca-impregnated 
carbons a band of radiation was obtained covering this region; 
in all three cases the composite 6 value was about twice that at 
436 mu. This indicated that the maximum of the main absorption 
band of the catalyst is contained in this region of the spectrum 
and that the 8 value is more than twice that of 436 my. The 
contour of the band suggested that the maximum is located in the 
neighborhood of 450 my; the relative height of the band was es- 
timated in the following manner. 

The spectrogram of the 425 to 480 my region of the Cu-carbon 
emission as obtained by filtering out the rest of the copper spec- 
trum was examined with a microphotometer, and the intensity 
distribution curve was obtained (Fig. 5). For the maximum of the 
main band various values were assumed, and the composite 8 
value was computed for the region 425 to 480 muy, with due at- 
tention paid to the contribution of the energy furnished by each 
wave-length in the filtered copper radiation. From Table VI it 
will be seen that when the relative absorption coefficient of the 
450 my band is set at 4, then a theoretical Byo5_480/8136 Value of 
2.07 is obtained. The average of four experimental determina- 
tions was 2.02. 

When the data obtained for the Sr spectrum in this region were 
treated in similar fashion, a 8450/8435 ratio of 3.75 was found. The 
result of the procedure employed here depends on the shape of the 
absorption band. In computing the above values it has been 
assumed that the y-band of the Pasteur enzyme has the same shape 
as that of other iron porphyrin-proteins; e.g., hemoglobin and the 
respiratory ferment of yeast. This assumption appears reason- 
able in view of the shape of the lower portion of the y-band as 
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| Fie. 5. Intensity distribution (in arbitrary units) of the light emitted 





by the Cu-carbon anode after the rest of the Cu spectrum had been fil- 
tered out. 


TaBLe VI 
Estimation of Height of Soret or y-Band of Pasteur Enzyme 


Estimated 6) /B 435 Fraction of intensity Contribution® to 


Wevetenge if Byso/Byag = 4 contributed Bx25-490/ Base 
mu 
425-430 0.75 | 0.042 0.03 
430-435 0.87 0.097 0.08 
435-440 1.57 0.121 0.19 
440-445 2.85 0.131 0.37 
445-450 3.75 0.136 0.51 
450-455 3.60 0.131 0.47 
455-460 2.18 0.119 0.26 
460-465 0.95 0.098 0.09 
465-470 0.65 0.074 0.05 
470-475 0.52 0.040 0.02 
475-480 0.44 0.009 0.004 
Calculated 2.07 
Observed 2.02 


* These values are the products of the second and third columns. 





determined experimentally. If a broader and more blunt shape 
is assumed, the 8 value for \ = 450 my will of course be lower. 
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Direct Spectrography 


The photochemical experiments indicate that in retina the 
Pasteur enzyme-CO compound has a steep absorption band at 
450 mu and two secondary maxima at 515 and 578 my. A direct 
spectrographic examination was also performed on rat retinas, 

From a transparent plastic (Plexiglas) an absorption cell was 
constructed which allowed one to compress fourteen rat retinas 
into a cylinder of 20 sq.mm. cross-section and 2mm. thick. Before 
examination the retinas in Ringer-glucose solution were treated 
with N, or with CO. A 300 watt tungsten biplane filament pro- 
jection lamp served as the light source. The light was concen- 
trated on the absorption cell which was placed in front of the slit 
of a small Hilger quartz spectrograph. The small dispersion in 
the visible region (400 to 625 mu = 10 mm.) facilitates the re- 
cording of faint absorption bands. For photography in the blue 
region Eastman Process and No, 40 plates were used; Kastman 
No. III-B plates served for the study of the entire visible region, 

After N. treatment there could be seen on the negatives the 
cytochrome a-bands at 605, 565, and 550 my, and bands at 465 to 
490 and 410 to 430 my. After CO treatment an additional faint, 
narrow band appears at 450 my which coincides in position with 
the main band of the Pasteur enzyme-CO compound, as revealed 
by the photochemical experiments. 

Theory 

The Pasteur enzyme contains iron which during the catalysis 
may exist alternately in the ferric and the ferrous forms. The 
ferrous form is autoxidizable; 7.e., it is capable of reacting spon- 
taneously with molecular oxygen to yield the ferric form, possibly 
via an oxygenated, short-lived intermediate analogous to oxyhe- 
moglobin. The ferric form inhibits fermentation, probably by 
maintaining a component of the glycolytic system in the oxi- 
dized, inactive state. The magnitude of the Pasteur effect in 
a given cell will depend on the concentration of the Pasteur enzyme, 
provided that it operates under conditions in which it is saturated 
with respect to substrate. 

Carbon monoxide competes with oxygen for the ferrous form 
of the Pasteurenzyme. The distribution of the iron of the enzyme 
between the two gases is determined by the ratio of their partial 
pressures and by their affinity to the metal in its particular linkagé, 
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At a CO:0O, ratio of 8.5 the distribution is strongly in favor of the 
catalytically inactive FeCO complex. Since the iron participates 
in a catalytic reaction, no true equilibria but only stationary states 
may be expected to exist in the cell. The stationary concentration 
of ferrous iron will primarily depend on the rate of reduction of 
the ferric form by the substrate (X). The latter may be a dihydro- 
coenzyme, a thiol, or a metal. Upon illumination, a certain frac- 
tion of the iron-carbonyl complex is dissociated, thus making this 
iron again available for combination with oxygen which is neces- 
sary for the suppression of glycolysis. However, it is possible 
that the absolute amount of molecular oxygen so required is very 
small, owing to a slow or negligible rate of reduction of XY by the 
fermentation system in the presence of air. 


Fe’ + XH,— Fe’ +X 
Fe’ + O,— FeO; > Fe’’’ 


dark | 
Fe’ + CO, — Fe’ ‘CO 


This theory explains the inhibition of the Pasteur reaction by 
CO and its relief by light. The analogy with the theory as de- 
veloped by Warburg (6) for the respiratory ferment is obvious. 

DISCUSSION 

Following their classical work on the photochemical spectrum 
of the respiratory ferment in yeast and acetic acid bacteria, 
Warburg and Negelein, in 1929, reported some experiments on 
the respiratory ferment in retina (8). The effect of three lines of 
the mercury are, viz. 405, 436, and 546 my, on the metabolism of 
CO-treated rat retinas was determined, the rate of aerobic gly- 
colysis being used as a “technically convenient” indicator of the 
activity of the respiratory ferment. On the assumption of an in- 
trinsic coupling of respiration with fermentation, an increase in 
glycolysis was used as a measure of a corresponding decrease in 
respiration and vice versa. The photoefficiency ratios thus deter- 
mined were compared with those obtained in previous work with 
microorganisms and hemoglobin. 


8405 8546 

436 436 

Respiratory ferment in yeast... ave ... 0.25 0.07 
a = ** retina... om 0.11 


Hemoglobin 2.0 0.36 
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From the 6/8436 ratios obtained with 405 and 546 my, it was 
concluded that the respiratory ferment of animals possessing 
hemoglobin is not more closely related to hemoglobin than the 
respiratory ferment of yeast. There the matter rested until Laser 
showed, in 1937, that the respiration of retina is not affected by the 
CO concentration employed by Warburg and Negelein. It is 
now evident that these workers have actually determined three 
points on the photochemical spectrum of the Pasteur enzyme. 

Chemical Nature of Pasteur Enzyme—The pattern of the spee- 
trum of the Pasteur enzyme as it emerges from the present ex- 
periments (Fig. 4) indicates that its light-absorbing and CO-bind- 
ing part isa hemin group. Particularly significant in this respect 
is the presence of a steep absorption band in the blue region and 
the existence of two secondary maxima in the blue-green and yellow 
regions. The thermolabile nature of the enzyme (cf. (5)) sug- 
gests that the hemin grouping depends for its activity on its com- 
bination with a specific protein. The enzyme appears to be linked 
to the cell structure, since mechanical and chemical injury of the 
cell tends to abolish the Pasteur effect. The rate of fermentation 
in cell-free extracts is not affected by oxygen (12). 

The location of the a-band of the enzyme-CO complex in the 
yellow region, at 578 my, would suggest that its prosthetic group 
is a pheohemin. However, the proximity of the corresponding 
band of carboxyhemoglobin renders this classification tentative. 
It finds some support in the fact that the respiratory ferments of 
yeast and acetic acid bacteria, which also catalyze the reaction 
of oxygen with suitable substrates, are pheohemin derivatives (13), 
whereas hemoglobin, which contains a “red’”’ hemin, is catalyti- 
cally inactive. If the positions of the absorption maxima of the 
CO complexes of these substances in the visible region are com- 
pared (Fig. 6), it becomes evident that no pair of them can be 
identical. 

Gas A ffinities—Iron porphyrin proteins may be characterized 
not only by their spectra but also by their affinities for oxygen 
and carbon monoxide. These affinities, expressed as the dissocia- 
tion constants, K, of the complexes, may be derived either from 
direct gasometric measurements or from the variation of the rate 
of reactions catalyzed by the hemin derivatives with the partial 
pressures and concentration ratios of the gases. Accurate K 
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values are not as yet available for the Pasteur enzyme. Nor has 
it been possible to demonstrate an inhibition of the respiratory 
ferment in retina by either CO or low concentrations of O:. How- 
ever, the data presented by Laser (3, 10) permit the assignment 
of limiting values to these constants. A comparison with the 
corresponding constants as given for the respiratory ferment in 
yeast and hemoglobin by Warburg and Negelein (11) affords 
further proof for the non-identity of the various heme proteins 


(Table VII). 


400 450 500 550 600 
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Fie. 6. Absorption maxima of the CO compounds of hemoglobin, the 
respiratory enzyme in yeast (Warburg), and the Pasteur enzyme in retina. 


TABLE VII 


Gas Affinities and Distribution Ratios between CO and O, of Some Iron 
Porphyrin Proteins 


FeO: CO | FeO: | FeCO 
FeCO Os Fe - pO. Fe: pco 

Respiratory ferment (yeast) 9 5S 2500 5S 280 
" - (retina) —830 51000 | wal 
Pasteur enzyme (retina)... nee 0.5 a “10 
“0.01 | 50 5000 


Hemoglobin... 


The values for the Pasteur enzyme listed in Table VII have 
been obtained on the following assumptions. (1) The aerobic 
glycolysis in retina is due to an insufficient concentration of Pas- 
teur enzyme; (2) the level of aerobic glycolysis, as observed in 
oxygen or air, corresponds to the full activity of the enzyme; 
(3) zero activity exists if the aerobic glycolysis equals the anaero- 
bic glycolysis. 

Table VII shows that the affinity for oxygen increases in the 
following order: Pasteur enzyme (retina)— hemoglobin — respira- 


ES re 
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tory ferment (retina) — respiratory ferment (yeast), while the 
affinity for carbon monoxide increases in the series respiratory 
ferment (retina) — Pasteur enzyme (retina) — respiratory ferment 
(yeast) — hemoglobin. 

No direct information is as yet available concerning the nature 
of the respiratory ferment in retina. It is fully active at O:» con- 
centrations as low as 5 per cent (10), it is not inhibited by CO 
concentrations as high as 85 per cent, and it is not affected by 
0.01 m HCN when the tissue is examined in a bicarbonate medium? 
(3, 14). While it shares the first two features with the respiratory 
catalysts in certain mammalian tissues (3, 10), it appears to be 
unique with regard to its cyanide-insensitivity in bicarbonate 
solution. Furthermore, these three criteria permit a clear cut 
differentiation between respiratory ferment and Pasteur enzyme 
in retina, since the Pasteur reaction is strongly inhibited under the 


same conditions (3, 10, 14). 


SUMMARY 


The Pasteur enzyme is defined as the heavy metal-containing, 
thermolabile agent which catalyzes the inhibition of fermentation 
by molecular oxygen, a phenomenon known as the Pasteur reaction. 
The spectrum of the enzyme in rat retina has been charted by 
Warburg’s photochemical method. The photochemical efficiency 
ratios for twenty-one different wave-lengths of light, between 
105 and 655 my, have been determined, the mercury line at 436 
mu being used as the reference standard. The relative photo- 
chemical spectrum of the Pasteur enzyme-CO complex shows a 
main absorption band with a maximum near 450 mu. Two second- 
ary maxima are located at 515 and 578 mu. As compared with 
the spectrum of the respiratory ferment in yeast or Acetobacter, 
the y-band of the Pasteur enzyme shows a red shift of about 150 
A., whereas the a-band shows a corresponding blue shift of about 
140 A. Although the Pasteur enzyme in retina differs from the 
respiratory ferments of the same tissue, of yeast, and of Aceto- 
bacter by its affinity for oxygen and carbon monoxide, the general 
pattern of its spectrum reveals it to be a pheohemin proteid like 
the respiratory ferments in yeast and Acetobacter, the worm 


‘In phosphate media, however, HCN will inhibit the respiration of 


retina (14). 
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blood pigment chlorocruorin, and certain cytochrome a com- 


ponents. 
BIBLIOGRAPHY 
1. Stern, K. G., Melnick, J. L., and DuBois, D., Science, 91, 436 (1940). 
2. Warburg, O., Biochem. Z., 189, 354 (1927). 
8. Laser, H., Biochem. J., 31, 1677 (1937). 
4. Warburg, O., Biochem. Z., 172, 432 (1926). 
5. Kubowitz, F., Biochem. Z., 204, 475 (1929). 
6. Warburg, O., Naturwissenschaften, 16, 345, 856 (1928). 
7. Warburg, O., and Negelein, E., Biochem. Z., 200, 414 (1928). 
8. Warburg, O., and Negelein, E., Biochem. Z., 214, 101 (1929). 
9. Kubowitz, F., and Haas, E., Biochem. Z., 265, 247 (1932). 
10. Laser, H., Biochem. J., 31, 1671 (1937). 
11. Warburg, O., and Negelein, E., Biochem. Z., 214, 64 (1929). 
12. Lipmann, F., Biochem. Z., 265, 133 (1933). 
13. Warburg, O., and Negelein, E., Biochem. Z., 244, 9 (1932). 
14. Laser, H., Nature, 136, 184 (1935). 
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Viruses were discovered in 1892 when Iwanowski (1) observed 
that the agent causing the mosaic disease of tobacco passed 
through a filter which retained all of the bacteria then known. 
During the ensuing years many viruses causing diseases in plants, 
animals, and bacteria have been discovered, and in general these 
agents have also been found to pass filters which retain ordinary 
bacteria. It has been necessary, therefore, to devise special means 
for determining the sizes of these very small infectious agents. For 
some years the method of ultrafiltration analysis with graded 
collodion membranes was widely and successfully used (2). Ultra- 
violet light photography (3), fluorescent microscopy (4), and 
special staining techniques (5) were also used for some of the 
larger viruses. By means of such methods it was established 
that the sizes of viruses ranged from about 250 my down to about 
10 my. Although objects as small as 5 my may be rendered visible 
by dark-field illumination, nothing may be gleaned as to their 
detailed structure; hence, it is obvious that ordinary microscopy 
cannot, in general, be used successfully for the viruses, since the 
limit of resolution for visual light is about 250 mu. 

During the past 5 years, several viruses have been obtained in 
highly concentrated and presumably essentially pure form, and 
it has been possible to learn something of the size and shape of the 
particles in these preparations by means of sedimentation, diffu- 
sion, double refraction of flow, viscosity, and x-ray studies (6). 


* RCA Fellow of the National Research Council. 
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One of the outstanding developments was the finding that, in 
confirmation of an earlier indication (7), some of the viruses depart 
markedly from a spherical form. For example, by means of data 
obtained in the studies mentioned above, tobacco mosaic virus 
was estimated by indirect methods to be about 12 muy in diameter 
and about 400 my in length and to have a molecular weight of 
about 40 millions (8). Although the theory of the physico- 
chemical behavior of spherical particles has been worked out 
fairly thoroughly and appears to rest on a firm foundation, that 
of particles which depart markedly from a spherical form as- 
suredly is on a much less firm basis. Frampton, for example, 
considers that in the case of tobacco mosaic virus the asymmetry 
and molecular weight values calculated from physicochemical 
data are wholly ambiguous and has shown that by his method of 
calculation a molecular weight value of infinity on the one hand 
and of zero on the other hand may be obtained (9). For reasons 
which have already been discussed (6), there appears to be little 
justification for the assumption of such an extreme view-point. 
Nevertheless, the indirect methods provide at best only approxi- 
mations of the true sizes and shapes of asymmetrical particles and 
a means for the direct mensuration of such particles has been 
lacking. 

In recent years electron microscopes having resolving powers 
extending down to about 5 my have been developed. Complete 
descriptions of the different instruments and of the mode of opera- 
tion and preparation of specimens may be found elsewhere (10- 
13). Although excellent micrographs of bacteria have been ob- 
tained by means of this apparatus and have proved of value in 
supplementing information already available (11, 14), it wovld 
appear that the electron microscope will be of greatest value in 
the microscopy of objects having sizes between about 5 and 250 
my, a range not covered by the light microscope and one in which 
practically all viruses have been found to fall. The electron 
microscope offers the possibility of securing micrographs of indi- 
vidual virus particles and thus of establishing their sizes and shapes 
with some precision. It should also be possible to determine the 
extent of the variation in the size and shape of a given virus and 
even perhaps learn something of the mechanism by means of 
which a virus particle is duplicated within the host and of the 
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nature of the difference between strains of a given virus. In 
this paper are presented the results of preliminary electron micro- 
scopic studies of five plant viruses. 


EXPERIMENTAL 


Tobacco Mosaic Virus—Tobacco mosaic is the only one of the 
viruses used in the present study which has been investigated 
previously by means of an electron microscope (15-18). Most of 
the virus preparations used in the earlier studies were purified by 
chemical treatment and such treatment has been found to cause 
inactivation and aggregation of this virus. Tobacco mosaic virus 
purified by means of differential centrifugation has been found to 
be essentially the same as the virus in the untreated infectious 
juice with respect to biological activity and physicochemical prop- 
erties (19); hence it appeared desirable to repeat and extend the 
electron microscope studies with virus purified by differential 
centrifugation. In preliminary work a small drop of a solution 
containing 0.2 mg. of four times ultracentrifuged tobacco mosaic 
virus per cc. in distilled water was applied by means of a capillary 
pipette to a collodion film about 15 my thick supported on a copper 
gauze. An attempt was made to secure as thin a film of liquid as 
possible on the mount. The film was allowed to dry, the mount 
was placed in the microscope, and the chamber was evacuated. 
When an area near the center of the mount was brought into focus, 
the field shown in Fig. 1 (Plate 1) was obtained. It is obvious 
that the concentration of virus was too great to give a good defi- 
nition of the individual particles. Fig. 2 presents the appearance 
of a field nearer the edge of the same mount, in which the individ- 
ual particles may be seen. Still greater separation of the particles 
was obtained in an area near the edge, which is shown in Fig. 3. 
A similar area of another virus preparation which was applied 
in the same way but at a concentration of 0.01 mg. per cc. is given 
in Fig. 4 (Plate 2). 

The virus shown in Figs. 1 to 3 was used about 3 weeks after 
preparation. It seemed possible that the granular background 
and the suggestion of a granular structure for the rods might 
result from some aging process. Freshly prepared samples of 
tobacco mosaic virus were applied at a concentration of 0.01 mg. 
per cc. and examined by means of the electron microscope. Some 
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of the results which were obtained are shown in Figs. 5 to 7 (Plates 
2 and 3), and it may be seen that the granular appearance is absent 
in these micrographs. However, when a drop of dilute ammonia 
was added to 1 ec. of an aqueous solution containing 0.01 mg. of 
tobacco mosaic virus and the preparation immediately observed, 
the results shown in Figs. 8 and 9 were obtained. The rod-like 
particles begin to disintegrate with the formation of material 
which has a granular appearance. It is known from previous 
chemical work that an excess of alkali causes the denaturation 
and disintegration of tobacco mosaic virus (20). In Fig. 8 some 
of the rods may still be seen, whereas in Fig. 9 the field is free of 
rods and only a granular material remains. However, it is known 
from previous studies (11) that the film obtained from a dilute 
solution of an inorganic salt also has a granular appearance. The 
induced or the spontaneous disintegration of a virus preparation 
or the presence of a small amount of inorganic material may, 
therefore, be responsible for the presence of granules. Later 
micrographs of virus aged for a period of some weeks were similar 
to those shown in Figs. 5 to 7; hence a granular appearance does 
not appear to be an invariable result of aging. 

Figs. 2 to 7 demonstrate unequivocally the existence of discrete 
rod-like units in purified preparations of tobacco mosaic virus. 
The fact that the bulk of the material exists in this form, together 
with the fact that a great mass of evidence has been accumulated 
which indicates that the virus activity is associated with such a 
unit (6), makes it reasonable to assume that the predominating 
unit shown in Figs. 3 to 6 represents a single particle of tobacco 
mosaic virus. During the past few years, indirect evidence was 
obtained which indicated that under certain conditions there 
occurred an end-to-end as well as a side-to-side aggregation of 
tobacco mosaic virus (21). Figs. 3 to 6 provide convincing evi- 
dence for the existence of elongated aggregates presumably 
formed by the end-to-end combination of two or more units. 
Side-to-side aggregation, as well as a combination of this with 
end-to-end aggregation, is shown in Figs. 5 to 7. The type of 
aggregation shown in Fig. 7 appears to be that which obtains in 
the structures which have been referred to as crystals of tobacco 
mosaic virus (20). There is little indication of a regular structure 
and, in accordance with earlier results (16), the mass has more 
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nearly the appearance of a fiber. However, x-ray data have been 
obtained which indicate that in such aggregates the rods are 
arranged laterally in two-dimensional, hexagonal close packing 
(22). 

The nature of the forces involved in the end-to-end type of ag- 
gregation is of some interest. There is evidence that the ultimate 
unit of tobacco mosaic virus possesses a dipole moment in the 
direction of the long axis or that such a moment is induced by an 
electrical field (23, 24). However, an unsymmetrical distribution 
of specific charges may be responsible for the marked tendency 
of the particles to aggregate. The aggregates do not appear to 
represent the natural form of the virus, for when carefully prepared 
samples of virus or virus in the freshly expressed untreated in- 
fectious juice are examined by means of the analytical ultracen- 
trifuge no evidence for the existence of the aggregates is obtained, 
whereas following treatment with salt the same samples show 
either a second sedimenting boundary, presumably due to a 
component formed by the end-to-end aggregation of two particles, 
or a more rapidly sedimenting diffuse boundary indicative of 
even more extensive aggregation. Furthermore, recent micro- 
graphs show clearly the unaggregated rods in the freshly expressed 
untreated juice from mosaic-diseased plants (18). It seems likely 
that much of the aggregation shown in Figs. 5 to 7 takes place at 
the time of the drying of the films, when a marked concentration 
of the virus occurs. As the final stages of the drying occur, a 
violent whipping motion has been observed by means of an or- 
dinary light microscope. This may be responsible for the forma- 
tion near the edge of the collodion film of such great masses as 
those shown in Figs. 5 and 6. The possibility of avoiding aggre- 
gation due to such causes through the use of more dilute solutions 
of virus is being investigated. However, the micrographs already 
obtained provide good evidence for the existence of a predomi- 
nating unit having a fairly uniform size and shape. Many meas- 
urements of the dimensions of the unit seen in these micrographs 
have been made and the particle appearing in greatest preponder- 
ance is about 15 my in diameter and about 280 my in length. The 
precision in the measurements of particle lengths in this work is 
of the order of 5 mu, while the absolute error in magnification may 
be as great as 10 per cent. As may be seen from Fig. 10, measure- 
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ments of the lengths of all of the 58 particles in two selected 
fields indicate that a unit having a length of 280 my predominates, 
It may be calculated that on a weight basis over 50 per cent of the 
material exists in the form of particles having a length of 280 my 
and over 70 per cent in the form of particles having lengths within 
7 per cent of this value. The values for the dimensions of this 
unit do not conflict with estimates based on x-ray data (22) of a 
particle diameter of 15 my and a particle length of some value 
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greater than 150 my. It seems likely that the value of 15 mu 
estimated from x-ray data and that of 280 my estimated from the 
present micrographs represent the best values for the dimensions 
of the virus used in the present work. The density of tobacco 
mosaic virus has been found to be 1.33 (23, 25). The molecular 
weight of a particle having a circular cross-section 15 my in diam- 
eter, a length of 280 my, and a density of 1.33 would be 39.8 X 
10°. This value is in unusually good agreement with the value of 
42.6 X 10° which was estimated by indirect methods and used 
tentatively in earlier calculations (21). It has been suggested 
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that the molecule collapses on drying so that the cross-section is 
elliptical rather than circular and that the molecular weight is 
actually slightly lower than the above. However, x-ray data 
on dried films indicate that there is no extensive collapse of the 
particles, for there is no distortion of the intramolecular structure 
and the interparticle distance in such films is 150 my (22). In 
addition, it may be possible to secure further evidence by refined 
techniques designed to determine the molecular weight from the 
total electron scattering produced by the molecule. However, 
it is apparent from the present micrographs that tobacco mosaic 
virus has a definite size, shape, and molecular weight and that 
the dimensions indicated by the electron microscope studies are 
of the same order of magnitude as those indicated previously by 
indirect methods (21). This finding is of importance in connec- 
tion with the theories of the physicochemical behavior of asym- 
metrical particles, for it indicates that the indirect methods based 
on physicochemical data are reasonably valid when correctly used. 
Tobacco mosaic virus has therefore been of considerable value in 
demonstrating the usefulness of different methods of approach in 
the estimation of the size and shape of colloidal particles. 

The particle length of about 280 my indicated by the micro- 
graphs of the ultracentrifugally purified tobacco mosaic virus 
used in the present work is significantly larger than the values of 
about 140 and 190 my which were estimated by Melchers and 
coworkers (18) from electron micrographs of two strains of tobacco 
mosaic virus, one of which is referred to as tomato mosaic virus 
since it was first noted in tomato plants. These results indicate 
that the strains of a virus have different particle lengths. Some 
years ago it was found in this laboratory that the sedimentation 
constants of different samples of the same strain of tobacco mosaic 
virus prepared from different lots of the same as well as different 
species of diseased plants were the same, whereas preparations of 
strains of tobacco mosaic virus even when obtained from the same 
type of host plant were found to have different sedimentation 
constants (26, 27). For example, when determined under the 
same conditions the sedimentation constant of the strain known 
as aucuba mosaic virus was found to be about 6 per cent larger 
than that of ordinary tobacco mosaic virus. Although at that 
time it was impossible to assign a definite reason for this difference, 
it was inferred that the difference was due either to a difference in 
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weight or to a difference in asymmetry. Because of the electron 
micrographs and the x-ray data which are now available, it seems 
likely that the particles of strains of tobacco mosaic virus differ 
both in weight and in asymmetry. The best estimate of particle 
thickness is probably provided by the x-ray data which indicate 
that the three strains, ordinary tobacco mosaic, aucuba mosaic, 
and enation mosaic viruses, all have the same diameter; namely, 
15 mp. The electron micrographs show the two strains of virus 
used by Melchers and coworkers (18) to have particle lengths of 
about 140 and 190 my, respectively, and the strain used in the 
present work to have a particle length of about 280 my. It is of 
interest to correlate these dimensions with the sedimentation 
constants of these preparations. Unfortunately, it is not known 
whether the sedimentation constant values reported by Melchers 
and coworkers represent true and reproducible values, since there 
was no indication of repeated determinations. However, assum- 
ing these values to be correct, it follows from Lauffer’s work (28) 
that the values which were each reported to be 180 XX 10~" ecan- 
not in fact be identical, for one constant was determined at a virus 
concentration of 2 mg. per cc., whereas a concentration of 3 mg. 
per ec. was used for the other. If it be assumed that the varia- 
tion in sedimentation constant with concentration is similar to 
that which Lauffer found to obtain with his preparations of 
tobacco mosaic virus, it may be calculated that the sedimentation 
constant of 180 K 10-" at a concentration of 3 mg. per ce. cor- 
responds to a constant of 183 X 10~—" at a concentration of 2 mg. 
perce. It may or may not be significant that the corrected value 
of 183 X 10-" belongs to the strain having the longer particle 
length of 190 my. Although the values which Melchers and co- 
workers reported for the sedimentation constants may be for- 
tuitous, the results now available for strains of virus at a concen- 
tration of 2 mg. per cc. would indicate a correlation between the 
length of particle and sedimentation constant, for preparations 
having particle lengths of 140, 190, and 280 my have sedimenta- 
tion constants of 180, 183, and 187 XxX 10-", respectively. If 
these results are treated in the manner described by Lauffer and 
Stanley (21), it may be seen that there is a good correlation and 
that it is in accord with theory. Similar calculations show that 
the sedimentation constant reported for the dimer formed by the 
end-to-end aggregation of two particles of length 190 my is in good 
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agreement with the theoretical value. If the considerations just 
discussed are valid, it may be predicted that aucuba mosaic virus, 
which has been reported to have a sedimentation constant about 
6 per cent larger than that of the virus used in the present work, 
should have a particle length of about 330 my. It is obvious, 
however, that, although the results already obtained indicate 
that strains of a virus have the same thickness but differ in both 
weight and particle length, many more experimental data must be 
obtained before the full significance of the differences between 
strains may be realized. 

More extended observations must be made in connection with 
the electron microscope studies in order to establish the nature of 
any artifacts which may result from the drying of the film of a 
virus preparation or the exposure to the electron beam. The 
fact that a micrograph taken with the first flow of electrons 
through a given specimen does not appear to differ from subse- 
quent micrographs taken after longer exposure to the electron 
beam makes it seem unlikely that gross changes are caused by the 
electrons. However, the violent motion which takes place as 
the film dries or the extreme desiccation which occurs on evacua- 
tion of the chamber containing the mount may cause some al- 
teration of the specimen. Although it seems very unlikely that 
these could cause any gross changes in the size and shape of the 
particles, it is to be hoped that more exact information concerning 
the nature and extent of any change will become available as the 
work progresses. It has already been pointed out that on in- 
tensive drying of films of tobacco mosaic virus the interparticle 
distance decreases only from 152 to 150 A. (22), thus indicating 
but little shrinkage. 

In Figs. 3 to 6 of the present paper, a number of particles 
are in evidence which are definitely shorter than the predominating 
unit. It is not known whether these short particles occur regu- 
larly in preparations of tobacco mosaic virus or are produced at 
the time the specimen is mounted. It seems unlikely that they 
are due to an image produced by a particle of ordinary length 
which is not lying flat, since surface forces would tend to flatten 
all the molecules. Furthermore, the particles shown in the micro- 
graphs have about the same density, a condition which could 
obtain only if the particles were lying flat so that uniform thick- 
nesses would be traversed by the electrons. There is at present 
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no evidence either from activity measurements on the supernatant 
fluids obtained on ultracentrifugation or from measurements by 
means of the analytical ultracentrifuge for the existence of these 
particles. They may, however, possess no virus activity or repre- 
sent but a small fraction of a preparation and hence not be demon- 
strable by these methods. The true nature and significance of 
these short particles is not known at present. If it can be proved 
that they are not an artifact, that they regularly occur in mosaic- 
diseased cells and do not represent a degradation product, it is 
conceivable that they may represent partially synthesized virus 
particles or viable as well as non-viable virus variants. Nothing 
is known of the mechanism by means of which a virus particle is 
duplicated, but it is possible that these particles may provide a 
clue. The evidence at hand provides no definite indication as to 
whether duplication is preceded by longitudinal growth and lateral 
division, lateral growth and longitudinal division, growth from a 
point, or by some cataclysmic event, although the first possibility 
might appear most reasonable. It is to be hoped, however, that 
future work will provide some evidence regarding the course of 
events during the process of duplication of a virus particle. 
Cucumber Mosaic Virus 3—Cucumber mosaic virus 3 may 
be regarded as being rather unusual, since it has not been found 
transmissible to any plants except members of the Cucurbitaceae 
(29). Most plant viruses do not have such a narrow host range; 
tobacco mosaic virus, for example, has been transmitted to forty- 
six different species of plants representing fourteen widely sepa- 
rated families (30, 31). Despite the fact that cucumber mosaic 
virus 3 will not multiply in plants susceptible to tobacco mosaic 
virus and the latter cannot be transmitted to cucumber plants, 
the two viruses have been found to have very similar physical, 
chemical, and immunological properties (32).'_ Although the x-ray 
data indicate a particle thickness of 14.6 my, a value which is 
considered to be significantly smaller than the value of 15 my 
for tobacco mosaic virus (22), it seems possible that cucumber 
mosaic virus may have arisen from tobacco mosaic virus 
through some fortuitous event. It was therefore of interest 
to determine whether the micrographs of the particles of the cu- 
cumber mosaic virus obtained with the electron microscope would 


! Knight, C. A., unpublished work 
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be similar to those of tobacco mosaic virus. The samples of 
cucumber mosaic virus 3 used were prepared by means of differ- 
ential centrifugation by Dr. C. A. Knight. It is a pleasure to 
thank Dr. Knight for making these preparations and those de- 
scribed in the following section available to us. 

An aqueous solution containing 0.1 mg. of the virus per cc. was 
mounted as previously described and the micrograph reproduced 
in Fig. 11 (Plate 3) was obtained. It is obvious that the virus 
solution was too concentrated, so it was diluted with 99 volumes 
of water. The micrograph obtained with the dilute solution is 
shown in Fig. 12 (Plate 1). It may be seen that this virus has a 
rod-like form and that the diameter is about the same as that of 
tobacco mosaic virus but that the end-to-end aggregation appears 
to be somewhat more marked than in the case of tobacco mosaic 
virus. It is possible that the latter may be due to the use of a 
solution at a slightly more acid reaction and this point is now under 
investigation. It may be seen from Fig. 13 (Plate 3) that the rod- 
like particles of cucumber mosaic virus form fibrous aggregates 
similar in appearance to those formed by tobacco mosaic virus. 
Although more extensive studies will be required to establish 
definitely the length of the particle, measurements on the micro- 
graphs already available indicate that cucumber mosaic virus 3 
has a particle length of about 300 my. The micrographs show, 
therefore, that, in accordance with previously obtained chemical, 
physical, and serological data, the ultimate unit of cucumber 
mosaic virus 3 is similar in size and shape to that of tobacco 
mosaic virus. 

Cucumber Mosaic Virus 4—The results obtained with an ultra- 
centrifugally isolated preparation of cucumber mosaic virus 4 
at a concentration of 0.01 mg. per cc. are reproduced in Figs. 14 
and 15 (Plate 4). A marked tendency to aggregate end-to-end 
is also noteworthy in the case of this virus. The electron micro- 
graph reproduced as Fig. 14 is very similar to that of cucumber 
mosaic virus 3 shown as Fig. 12. The result was not unexpected, 
for the two viruses are strains and have been found to have very 
similar general properties (32).1 Although several particles of 
cucumber mosaic virus 4 about 300 my in length are shown, it 
is not possible to determine from the micrographs now available 
whether or not the two strains have different particle lengths. 

Tomato Bushy Stunt Virus—Tomato bushy stunt virus has been 
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purified by chemical means (33) and by differential centrifugation 
(34) and obtained in the form of large rhombic dodecahedra] 
crystals. During the course of these studies, evidence was ob- 
tained that the virus particles were essentially spherical in shape 
and had a diameter of about 26 my (35). An aqueous solution 
containing 0.01 mg. of ultracentrifugally isolated bushy stunt virus 
per ec. was mounted and studied by means of the electron micro- 
scope. It may be seen from Fig. 16 (Plate 4) that the particles 
which are shown have essentially the size and shape indicated by 
other methods. The tendency of the particles to collect along a 
fold in the collodion membrane may be noted. Since the size of 
bushy stunt virus has been well established by different independ- 
ent methods (34-36), the good agreement of the size of the virus 
estimated from the electron micrograph with that estimated pre- 
viously by other methods is significant, for it may be regarded 
as an indication that no gross change in size occurs during the 
preparation of the mount. 

Tobacco Necrosis Virus—Pirie and coworkers (37) purified 
tobacco necrosis virus by chemical methods and reported that 
crystalline and amorphous preparations having the same specific 
virus activity had sedimentation constants of 130 K 10-" and 
58 X 10-", respectively. However, Price and Wyckoff (38) found 
a sedimentation constant of 112 K 10~" for tobacco necrosis virus 
purified by differential centrifugation. The size of this virus was 
estimated to be between 13 and 20 mu by ultrafiltration measure- 
ments (39) and by means of radiation studies (40). Since the two 
extreme values for the sedimentation constant might be consid- 
ered to indicate a size between about 10 and 30 my, it is obvious 
that only the order of the magnitude of the size of tobacco ne- 
crosis virus is known. In the present study an aqueous solution 
containing 1 mg. of ultracentrifugally isolated tobacco necrosis 
virus per ce. was used and the electron micrograph reproduced as 
Fig. 17 (Plate 4) was obtained. It may be seen that the particles 
appear to be spherical in shape and have diameters of about 20 mu. 

The writers desire to thank Dr. V. K. Zworykin for his interest 
and encouragement during the course of the work. It is also a 
pleasure to thank Dr. L. Marton and Mr. J. Hillier for assistance 
and advice during the preparation of the micrographs shown in 
the present paper. 














W. M. Stanley and T. F. Anderson 337 


SUMMARY 


Purified preparations of five viruses have been studied by means 
of the electron microscope. The electron micrographs of the 
ultracentrifugally isolated tobacco mosaic virus used in the present 
work showed a predominating unit about 15 my in width and 
280 my in length and presumably representing single particles of 
this virus, together with aggregates formed by the end-to-end as 
well as side-to-side aggregation of this unit and a small amount of 
rods having shorter although variable lengths. The fact that the 
dimensions of this unit were of the same order of magnitude as 
those estimated previously by indirect methods based on physico- 
chemical data indicates that the latter procedures are useful and 
essentially valid even for asymmetrical particles when correctly 
used. Since the particle length of the virus used in the present 
work was significantly greater than those of two strains studied by 
other workers, it seems likely that strains of a virus may have 
different particle lengths. The electron micrographs of cucumber 
mosaic virus 3 and of its related strain cucumber mosaic virus 4 
were very similar, showed a marked amount of end-to-end aggre- 
gation, and indicated that the ultimate units were similar in size 
and shape to that of tobacco mosaic virus. In the case of tomato 
bushy stunt virus, the micrographs showed spherical particles 
about 26 my in diameter, whereas with tobacco necrosis virus the 
results indicated that the particles were essentially spherical 
and about 20 my in diameter. 
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EXPLANATION OF PLATES 
PLATE | 


Fig. 1. Area near center of mount prepared with an aqueous solution 


containing 0.2 mg. of ultracentrifugally isolated tobacco mosaic virus per 


ce x 55.000 
Fic. 2. Area nearer edge of mount used for Fig. 1. X 54,000 
Fic Area near edge of mount used for Fig. 1. 55,000 


9 
» 
Fig. 12. Ultracentrifugally isolated cucumber mosaic virus 3 applied 
at a concentration of 0.001 mg per cc., showing single particles and ¢ har- 


acteristic aggregation x 39.000. 
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Stanley and Anderson: Electron microscopy of viruses 








PLATE 2 
Fic. 4. Tobacco mosaic virus applied to a collodion film at a concentra- 
tion of 0.01 mg. perce. X 24,600. 
Fic. 5. Tobacco mosaic virus applied at a concentration of 0.01 mg. per 
ec. Aggregation of particles near the fold in the collodion film may be 
noted <x 19,500 
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Stanley and Anderson: Electron microscopy of viruses 








PLATE 3 
Fic. 6. Aggregation of tobacco mosaic virus near a fold in the collodion 
film as in Fig. 5 < 17,500 
FIG 7. Fiber-like aggregation of tobacco mosaic virus x 22,500. 
Micrograph by Dr. L. Marton 
Fic. 8. Partial disintegration of tobacco mosaic virus by dilute ammonia. 
11,250. 


Fic. 9. Complete disintegration of tobacco mosaic virus by dilute am- 


monia x 17.500. 

Fic. 11. Ultracentrifugally isolated cucumber mosaic virus 3 applied 
it a concentration of 0.1 mg. per e \ thick mat of virus and holes in the 
collodion film may be noted < 25,800. 

Fic. 13. Fiber-like aggregate of cucumber mosaic virus 3 < 16,700. 
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Electron microscopy 


Stanley and Anderson 











PLATE 4 


Fic. 14. Cucumber mosaic virus 4 applied at a concentration of 0.0] mg 


per ec. End-to-end aggregation of particles 1s especially noteworth) 
39,000 
Fig. 15. Cucumber mosaic virus 4. Several particles about 300 my in 
length are shown x 20,000 
Fic. 16. Ultracentrifugally isolated bushy stunt virus applied at on- 
centration of 0.01 mg perce It may be noted that there is a tendency for ; 
the particles to collect at folds in the collodion membrane < 31.000 
Fic. 17 Ultracentrifugally isolated tobacco necrosis virus ppled ta 
concentration of 1 mg. per ce x 30,500 Mic rograph by Dr. L. Martor | 
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A STUDY BY MEANS OF THE ELECTRON MICROSCOPE 
OF THE REACTION BETWEEN TOBACCO MOSAIC 
VIRUS AND ITS ANTISERUM 


By THOMAS F. ANDERSON* anv W. M. STANLEY 


(From the Laboratories of the Radio Corporation of America, Camden, and the 
Department of Animal an! Plant Pathology of The Rockefeller Institute 
for Medical Research, Princeton) 

PLATE 5 


(Received for publication, February 3, 1941) 


From the results of numerous experiments, immunologists have 
inferred that when a foreign material, usually protein in nature 
and called an antigen, is injected into an animal, it induces the 
formation of substances called antibodies, which appear in the 
animal’s blood serum and which will react with the antigen in- 
jected (1-4). When this reaction results in the formation of a 
precipitate, it is called a “‘precipitin reaction.”” It seems likely 
that 1 antibody molecule is able to attach itself to more than one 
antigen particle and, vice versa, in such a manner that a framework 
or “lattice” of antigen particles is formed which gives rise to an 
antigen-antibody precipitate (1, 3, 5). On the basis of these 
ideas, explanations of the various phenomena of immunity have 
been advanced. 

With the development of electron microscopes (6, 7) capable of 
recording the sizes, shapes, and reactions of protein molecules (8), 
it should be possible to observe certain of these immunological 
reactions directly. There are reported in the present paper the 
results of a preliminary study by means of the electron microscope 
of the reaction between tobacco mosaic virus and its antiserum. 
Tobacco mosaic virus was selected as the antigen because of its 
large size and distinctive shape. Many kinds of evidence indi- 
cate that the virus particles used in the present work are essen- 
tially cylindrical in shape and have lengths of about 280 my and 


* RCA Fellow of the National Research Council. 
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diameters of about 15 my (8, 9). Rabbit antiserum was selected 
as a source of antibodies to tobacco mosaic virus because the reac- 
tions involved have been extensively investigated (10) and because 
much information is available concerning the antibodies in rabbit 
sera (11, 12). 


EXPERIMENTAL 


Anti-tobacco mosaic virus rabbit serum was prepared and 1 ¢e, 
was added to 1 ec. of a solution containing 1 mg. of tobacco mosaic 
virus. It seems likely that in such a mixture the reaction would 
occur either in the equivalence zone or in the region of excess an- 
tibody (3, 10). The mixture was shaken and separate portions 
immediately diluted 1:10 and 1:100 with distilled water. After 
the preparations had stood for 1 hour at 25°, mounts of these solu- 
tions for the electron microscope were prepared in the usual 
manner (8) and electron micrographs were made of them. Asa 
control, parallel preparations of tobacco mosaic virus alone and 
with added normal rabbit serum were made and micrographs 
prepared. After several hours a marked precipitate in the un- 
diluted mixture of virus and antibody, a faint precipitate in the 
1:10 dilution, and a faint Tyndall effect in the 1:100 dilution were 
observed. Mounts of these preparations were then made and 
observed by means of the electron microscope. 

In Fig. 1 is presented the micrograph from the suspension 
containing 0.01 mg. of tobacco mosaic virus per cc. It may be 
noted that the molecules stand out sharply' and have widths of 
about 15 my and lengths of about 280 mu. 

Fig. 2 is a micrograph of a mixture of tobacco mosaic virus and 
normal rabbit serum diluted 1:100 with distilled water. Here 
again the tobacco mosaic virus molecules stand out sharply with 
the normal lengths and widths, and with but few particles from 
the serum adsorbed on them. The contaminating bacterium 


1It is convenient in obtaining micrographs of viruses to focus the 
electron microscope on relatively large and heavy particles. The pictures 
of these particles then reveal the order of resolution. This procedure is 
possible because of the great depth of focus of the electron microscope. 
Thus, the sharpness of the black particles in Fig. 1, of the bacterium in 
Fig. 2, of the edge of the collodion membrane in Fig. 3, and of the particle 
in Fig. 4 attests to the fact that the virus particles in all cases are in sharp 


focus and that the variations in widths which are observed ar 
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which may be observed in this figure serves to give a good idea of 
the relative size of the particles of tobacco mosaic virus. It may 
be seen that some of the tobacco mosaic virus molecules are ad- 
sorbed at right angles to the surface at the end of the bacterium. 
When mixtures of tobacco mosaic virus with precipitating rabbit 
antisera of approximately equal potency to tomato bushy stunt, 
potato latent mosaic, and tobacco ring spot viruses were used, 
similar results were obtained and there was no indication of an 
increase in the dimensions of the molecules of the tobacco mosaic 
virus. 

Fig. 3 is a micrograph of the mixture of tobacco mosaic virus and 
antiserum diluted 1:100, which had stood for 1 hour. It is 
seen at once that the particles of tobacco mosaic virus appear at 
much greater contrast and are 3 or 4 times as wide as in the 
former preparations. This indicates that particles from the anti- 
serum have become attached to the tobacco mosaic virus mole- 
cules, making them appear wider and at the same time presenting 
a thicker specimen to the electron beam. It is to be concluded 
that serum antibody molecules attach themselves at a great many 
points distributed over the surface of the tobacco mosaic virus 
molecule. 

Fig. 4 shows a typical portion of the preparation of tobacco 
mosaic virus plus antiserum after standing for several hours at a 
dilution of 1:100. It may be seen that the particles are still 
extremely thick and, although the field is in sharp focus,' the 
particles appear fuzzy. Thus, there is a density gradient at the 
edge of the particles which may be due to the radial distribution of 
asymmetrical particles on the antigen. It is known that tobacco 
mosaic virus antibodies produced in rabbits are much smaller 
than the virus molecules,? and it seems likely that their dimen- 
sions are approximately the same as those of the antibody globulins 
of antipneumococcus rabbit sera which are considered to be about 
3.7 mu in diameter and 27.4 my in length (11-13). If a single 
layer of molecules having approximately these dimensions were 
to become attached laterally to a molecule of tobacco mosaic 
virus, the increase in diameter would be only about 8 my or an 
amount insufficient to explain the increase in width noted in Fig. 4. 
If, however, the molecules become attached to the virus molecule 


? Stanley, W. M., unpublished work. 
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by their ends in a radial manner similar to that shown in Text- 
fig. 1, then the increase in width would be of the order of 55 my, 
or an amount sufficient to explain the increase in width noted in 
Fig. 4. It is also obvious from Text-fig. 1 that an electron beam 
passing through such an aggregate at right angles to the direction 
of the length would encounter regions of decreasing density as the 
edge was approached. An arrangement of asymmetrical mole- 
cules, such as that shown in Text-fig. 1, could therefore account 
for the indefinite and fuzzy appearance of the edges of the particles 
shown in Figs. 3 and 4. Furthermore, such a radial arrangement 
would be in accord with certain aspects of a recent theory of the 
structure and reactions of antibodies (5). It may also be seen 
from Fig. 4 that the antibodies seem to have joined the antigen 
molecules together to give at least the outward appearance of the 
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Text-Fic. 1. Possible mode of attachment of small asymmetrically 
shaped molecules to the side surface of a molecule of tobacco mosaic virus. 





















































(a) Longitudinal cross-section; (5) lateral cross-section. 


framework or “lattice” of immunological theory. The irregularity 
of the observed framework, if due to such a chemical interlinking 
of antigen and antibody, would justify the avoidance of the term 
“lattice” by Heidelberger (3) and by Pauling (5). 

Although the virus molecules appear to be well covered, it is 
not possible to determine from the present micrographs whether 
or not the coverage is complete. The fact that the dimensions of 
the virus molecules were unchanged in micrographs of mixtures 
with antisera to other viruses indicates that the primary reaction 
under investigation is specific in nature. Whether or not any 
non-specific serum protein was subsequently adsorbed onto the 
antigen-antibody complex cannot be determined until purified 
antibody preparations are used. Confirmatory evidence of the 
specificity of the primary antigen-antibody reaction was obtained 
in a study by means of the ultracentrifuge in which it was found 
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that the sedimentation constant of tobacco mosaic virus was 
essentially unchanged in mixtures containing an excess of normal 
rabbit serum or antisera to bushy stunt, ring spot, or latent mosaic 
viruses.2. It was, of course, impossible to determine the sedimen- 
tation constant in the case of a mixture containing an excess of 
anti-tobacco mosaic virus serum, for the virus was completely 
precipitated and only the boundary due to the globulin fraction 
was apparent. In marked contrast, the sedimentation constant 
of bushy stunt virus was essentially unchanged in a mixture with 
anti-tobacco mosaic virus serum. The lack of reaction between 
bushy stunt virus and anti-tobacco mosaic virus serum was also 
demonstrated by means of electron micrographs. 

The electron microscope thus makes it possible to observe di- 
rectly the result of the reaction of particles in antiserum with anti- 
gen molecules and to record the nature of the precipitate which 
results from this interaction. The present results demonstrate 
the usefulness of the asymmetrically shaped tobacco mosaic virus 
and the advisability of making extensive studies of the antigen- 
antibody reaction by means of the electron microscope. 


The authors are indebted to Dr. Michael Heidelberger, Dr. 
Stuart Mudd, and Dr. V. K. Zworykin for many helpful sug- 
gestions. 

SUMMARY 


1. Electron micrographs of tobacco mosaic virus deposited on a 
collodion film show that the molecules are about 280 my long and 
about 15 my wide. 

2. Micrographs of a mixture of virus and normal rabbit serum 
show virus particles of normal size and indicate little or no adsorp- 
tion of particles from normal serum onto the virus molecules. Simi- 
lar results were obtained with mixtures of tobacco mosaic virus with 
antisera to tomato bushy stunt, potato latent mosaic, and tobacco 
ring spot viruses. 

3. A mixture of tobacco mosaic virus and tobacco mosaic virus 
antiserum from rabbits, when dried on a collodion film an hour 
after mixing and examined by means of the electron microscope, 
shows particles about 60 my wide, about 300 mu long, and having 
fuzzy profiles. The increase in particle width and the fuzzy ap- 
pearance are regarded as indicating that the ends of asymmetri- 
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cally shaped molecules from the serum react specifically with the 
antigen molecules. No reaction between anti-tobacco mosaic 
virus serum and bushy stunt virus was demonstrable. 

t. When the mixture of antigen and antiserum is applied to a 
collodion film several hours after mixing, an irregular framework 
of thickened antigen molecules may be seen. It is this framework 
which makes up the antigen-antiserum precipitate. The results 
demonstrate the usefulness of the electron microscope and of a 
large and distinctively shaped antigen such as tobacco mosaie 
virus in the study of the antigen-antibody reaction. 
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EXPLANATION OF PLATE 5 


Fic. 1. Ultracentrifugally isolated tobacco mosaic virus applied to a 
collodion membrane at a concentration of 0.01 mg. per cc., showing particles 
having a width of about 15 my. X 13,700. 

Fic. 2. Mixture of same tobacco mosaic virus preparation used for Fig. 1 
at a concentration of 1 mg. per cc. with an equal volume of normal rabbit 
serum and applied at a 1:100 dilution. The width of the virus particles is 
unchanged. X 13,800. 

Fic. 3. Mixture of same tobacco mosaic virus preparation used for Figs. 
1 and 2 with an equal volume of an anti-tobacco mosaic virus rabbit serum 
and applied at a dilution of 1:100 to the collodion film 1 hour after mixing. 
Particles appear more dense and are about 60 mu wide. X 13,200. 

Fic. 4. Virus-antiserum mixture of Fig. 3 applied at a dilution of 1:100 
several hours after mixing. Note that thickened virus particles have fuzzy 
profiles and have formed an irregular framework. X 13,700. 
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MONOLAYERS OF COMPOUNDS WITH BRANCHED 
HYDROCARBON CHAINS 


IV. PHTHIOIC ACID* 
By EINAR STENHAGEN anv STINA STALLBERG 


(From the Institute of Medical Chemistry, University of Upsala, 
Upsala, Sweden) 


(Received for publication, February 3, 1941) 


Phthioic acid is an optically active, branched chain, saturated 
acid with the formula C.sH;202, which has been isolated from the 
tubercle bacillus by Anderson and Chargaff (2, 3). The free acid 
is non-crystalline, melts at 20-21°, and has an optical rotation of 
[a], = +12.6°. The constitution of this acid is of unusual 
interest, as it has been shown by Sabin (4) that the purified acid 
when injected into normal animals produces typical tubercular 
tissue. 

Owing mainly to the difficulty of obtaining the acid in any 
quantity, it has not yet been possible to elucidate its structure by 
ordinary methods of organic chemistry. 

From a study of the products given by phthioic acid on oxida- 
tion and degradation Spielman and Anderson (5) concluded that 
it possessed a branched chain with methyl groups probably in 
the a position and in the neighborhood of carbon atom 11 and 
that other branches existed, but their number and position could 
not be determined. 

It was thought that a study of the structure of monolayers on 
water and multilayers on solid surfaces and a comparison of the re- 
sults with those obtained with compounds of known constitution, 
studied in the earlier parts of this series (6, 7), might give some 


*A preliminary account of this work was given at a meeting of the 
Chemical Society (London) at Imperial College, March 2, 1939; ef. Sir 
Robert Robinson, Presidential Address to the Chemical Society (London), 
1940 (1). 


1 Stallberg and Stenhagen, unpublished work. 
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valuable hints as to the constitution of the phthioic acid. Pro- 
fessor Anderson kindly put a specimen of the pure acid at the dis- 
posal of the authors. 

For a complete investigation of the mono- and multilayer strue- 
ture only a few mg. of the substance are needed, which is a great 
advantage of the method. 


Monolayers 


Technique—The monolayer measurements were carried out 
with a Langmuir-Adam trough and a single torsion wire surface 
balance, sensitive to 0.05 dyne. Surface potentials were measured 
as described by Schulman and Rideal (8) with a polonium elec- 
trode and a Compton electrometer (short period pattern, Cam- 
bridge Instrument Company). A trough of Pyrex glass, a mica 
boom, and vaselined silk thread side barriers were employed. 
Petroleum ether (b.p. 60-80°) was used as a solvent for the acid 
(about 20 cc. for 5 mg.) and spreading was effected by means of 
an Agla micrometer syringe. Care was taken that the water used 
was free from heavy metal ions. The temperature was kept 
constant to within 1°. On acid and neutral substrates the 
surface potential was uniform within 5 millivolts over different 
parts of the monolayer, and the error in the area measurements 
is within 2 or 3 per cent. On alkaline substrates, the experi- 
mental error may be larger. 

A number of force-area curves were also obtained with an auto- 
matic recording surface balance of the Wilhelmy-Dervichian type 
(9), built in collaboration with the authors by Mr. K. J. I. Anders- 
son at the Institute of Physical Chemistry, Upsala. 

Results—The force-area curves obtained with the acid in un- 
dissociated form on 0.01 N HCl substrate are shown in Fig. 1. 
At a temperature of 5° the limiting area is 52 sq. A. The mono- 
layer is not very compressible and collapses at an area of 36.5 
sq. A. and a pressure of 10.5 dynes. The monolayer is liquid 
and a comparison with the results obtained on substrates con- 
taining barium ions (see below) shows that it is mesomorphous or 
“liquid-condensed” at this low temperature. Increase in tem- 
perature to 20° gives a general expansion, and the limiting area 
increases to 62 to 63 sq. A. The area and pressure at the point 
of collapse depend somewhat on the rate of compression. This 
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was well shown by a series of experiments carried out with the 
automatic Wilhelmy balance. The trough used was 16 X 38 cm., 
the amount of phthioic acid spread was 0.068 mg., and the mono- 
layer was compressed continuously by a barrier which was moved 
forward at speeds that could be varied between 2.5 and 38 cm. 
per minute. The lower curve of Fig. 2 was obtained at the lowest 
speed and shows an initial flat collapse starting at about 11 dynes 
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Fic. 1. Force-area curves at different temperatures for phthioic acid 
spread on acid substrate (0.01 n HCl). 


pressure. This is followed by a rise and a new flat part at about 
18 dynes. The upper curve was obtained at a speed of 38 cm. 
per minute. The collapse now sets in at about 13 dynes and is 
followed by a fall in pressure down to about 10 dynes, which is 
followed by a new rise and a flat at 18 dynes. The form of this 
part of the collapse curve is remarkably constant. The lower part 
of the force-area curve from the limiting area to the point of col- 
lapse is identical at both speeds (the slight kink in the beginning 
of the upper curve is accidental and due to the apparatus). When 
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compressed beyond the point of collapse, on to the second flat 
at 18 dynes pressure, the collapsed monolayer has a gel character, 
and tale particles on the surface show elastic recoil when dis- 
placed by gentle blowing. The reproducibility of the force-area 
curves is very good and they are completely reversible in that the 
same curve is obtained on expansion and recompression of the 
monolayer as on the original compression, even if the latter is 
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Fig. 2. Photographic reproduction of automatically registered force- 
area curves for phthioic acid on 0.01 n HCl at 20°. Width of trough 16 cm., 
amount of phthioic acid spread 0.068 mg. Upper curve, rate of compression, 
38 cm. per minute; lower curve, 2.5 cm. per minute. 


carried far beyond the point of collapse, provided that the expan- 
sion is not carried out too rapidly. At 38° (Fig. 1), the monolayer 
is still more expanded, but stands somewhat higher pressures. 
At 18 dynes pressure a flat collapse sets in. The different type of 
collapse at this temperature compared with 20° is probably con- 
nected with the fact that the acid is a liquid in three dimensions 
at 38°, while at 20° it is just on the point of melting. 

The surface potential at 20° (Fig. 3) is about 230 millivolts at 


the limiting area and rises on compression to about 325 millivolts 
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at the point of collapse. The potentials are uniform to about 5 
millivolts over different parts of the surface. The apparent sur- 
face dipole moment yu, calculated according to the formula AV = 
4a-n-u where AV = the observed surface potential and n = the 
number of molecules per unit area, is 380 millidebyes at 60 sq. A. 
and falls to about 350 at 40 sq. A. These values are exceptionally 
high for a saturated aliphatic fatty acid. 
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Fic. 3. Force-area, surface potential-area, and apparent surface mo- 
ment-area curves for undissociated phthioic acid on acid (0.01 n HCl) 


substrate at 20°. 


When spread on a M/150 phosphate substrate, pH 7.2 (Sérensen 
buffer, diluted ten times, cf. (10) p. 210) (Fig. 4), the limiting area 
at 20° is about 67 sq. A. and collapse occurs at an area of 36.5 
sq. A. and 18 dynes pressure. Owing to the partly ionized state, 
the surface potential is about 140 millivolts lower than on the 
acid substrate. 

In the fully ionized state, when spread on 0.01 n NaOH (Fig. 4), 
phthioic acid, in common with other acids with branched hydro- 
carbon chains (6), gives a vapor film. The surface potential is 














350 Monolayers. IV 
negative at large areas and passes through zero on compression, 
The reproducibility of the measurements on this substrate is 
rather poor. 

Fig. 5 shows the force-area curves for 6° and 20° obtained on 
a substrate containing barium (BaCl 3 X 10° m, KHCO, 
4 <X 10‘ M) similar to that used for building multilayers. At 
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Fic. 4. Force-area and surface potential-area curves (©) for phthioic 


acid on neutral substrate (m/150 phosphate buffer, pH 7.2); (@) on alkaline 
substrate (0.01 n NaOH). 


6° the monolayer is mesomorphous and the force-area curve is 
almost identical with the curve at 5° on 0.01 Nn HCl substrate 
(Fig. 1). At 20° (Fig. 5) the lower part of the force-area curve is 
somewhat more expanded. The monolayers collapse readily 
above 14 dynes pressure (when compressed below an area of 36 to 
36.5 sq. A.). The unstable region is indicated by the dotted line. 
When compressed beyond the point of collapse, the monolayer 


turns into a solid “skin” on the water surface. 
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Multilayers 


Technique—The technique described by Blodgett (11) was used. 
The acid was spread from a solution in freshly redistilled petroleum 
ether on a substrate containing 3 X 10-*m barium chloride and a 
trace of copper ions (distilled water from an ordinary still). The 
pH of the substrate was about 6.5 and the multilayers were built 
on chromium-plated brass slides 3 K 12 X 70 mm. The slides 
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Fic. 5. Force-area curves for phthioic acid on a neutral substrate con- 
taining barium (BaCl, 3 X 10-'m, KHCO;4 X 107‘ m) at 6° and 20°. The 
dotted line indicates the unstable region. 


were cleaned by polishing with the finest grade of emery cloth and 
subsequent rubbing with pure cotton wool under running water. 

Castor oil with a spreading pressure of 16 dynes brought about 
collapse of the monolayers and could not be used as piston oil, 
but an oxidized motor oil having a spreading pressure of 13 dynes 
gave good results. The motor oil did not behave as a perfect 
piston, as the pressure rose appreciably with compression of the 
piston. This trouble was minimized by using a large piston sur- 
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face and keeping the piston nearly fully expanded during the 
building of the multilayers by moving the glass barrier opposite 
the piston forward after each dip. With this piston Y-deposited 
films (deposition occurring both on the down and the up journey 
of the slide) were obtained. At 20° the multilayers were not 
optically perfect but perfect films could be built if the temperature 
of the substrate was kept at 5°. The fact that multilayers can be 
easily built shows that the monolayer on water is mesomorphous 
(12) and the optical perfection of the films proves that the sub- 
stance is properly spread on water. This test of the homogeneity 
of the monolayer is at least as sensitive as the ultramicroscopical 
examination often employed for the same purpose. 

Films containing 100 layers and more could be easily built at 
5°. Multilayers of barium phthioate are, compared with multi- 
layers of barium stearate, rather soft. When kept in a refrigerator 
at temperatures below 0°, the multilayers of barium phthioate are 
unchanged after several weeks, but at room temperature the films 
get slightly fogged in about a day. 

A similar behavior has been observed for multilayers of long 
chain esters (13), and in that case it has been shown to be due to 
the growth of the originally very small crystallites within the 
multilayer, to sizes comparable with the wave-length of visible 
light, a process which proceeds at a higher rate with higher tem- 
perature. 

Owing to the low melting point of the phthioic acid, multi- 
layers of the free acid built from acid substrate cannot be obtained. 
An equimolecular mixed film of octadecylamine and phthioic acid 
gave good X-deposited films (deposition on the down journey of 
the slide only) from a substrate consisting of a phosphate buffer 
(0.05 m, pH 7.2; Clark and Lubs (10) p. 200). The mixed mono- 
layer could be compressed by a castor oil piston without collapse 
and the multilayer obtained was quite stable at room temperature. 

Optical Measurements of Thickness per Layer—The optical 
thickness per layer for the multilayers of barium phthioate built 
at a temperature of 5° with a piston pressure of 13 to 13.5 dynes 
was determined by comparing the interference colors given by 
the phthioate films with standard color comparison gages of barium 
stearate, prepared according to the directions of Blodgett (14). 
The stearic acid used for the standard had been carefully purified 
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via the ethyl ester and the solvent (petroleum ether) freshly re- 
distilled. The phthioic acid multilayers were built on an initial 
rubbed down layer of barium stearate. The color comparison 
was carried out in polarized white light, with the ordinary ray, 
by viewing the. films through a Polaroid screen. Between 40 
and 60 phthioate layers were compared with 30 to 46 stearate 
layers, the comparison being carried out to the nearest layer. The 
mean of six determinations gave an optical thickness for barium 
phthioate of 18.2 + 0.5 A., Blodgett’s value 24.4 A. (15) being 
taken for the optical thickness per layer for barium stearate and 
the refractive index for the ordinary ray assumed to be equal in 
both films. The refractive index for barium phthioate was not 
determined directly, as suitable glass slides with known refractive 
indices were not available, but the error introduced by assuming 
the refractive index of the two multilayers to be equal will probably 
not be greater than 1 or 2 per cent. 

The deposition ratio R (the ratio of the area occupied by the 
film on water to the geometrical area occupied on the solid surface) 
was determined by measuring the area consumed on the water and 
the area. occupied by the multilayer on the metal slide, and was 
found to be R = 0.97 to 0.98. For barium stearate Langmuir, 
Schaefer, and Sobotka (16) found R = 0.99. 


z-Ray Measurements on Barium Phthioate Multilayers 


Technique—The long x-ray spacing of barium phthioate multi- 
layers deposited on chromium-plated slides and consisting of 
40 to 100 Y-deposited layers was measured by filtered copper K, 
radiation and also monochromatic copper Kg, radiation, obtained 
from a condensing monochromator of pentaerythritol of the type 
described by Fankuchen (17). The strictly monochromatic 
radiation gives considerably less background than the filtered 
radiation. The slide was mounted vertically in such a way that 
the axis of the goniometer was lying in the surface of the slide. 
The direction of dipping was normal to the direction of the incident 
radiation. The camera distance was 8 to 13 cm. and the measure- 
ments were performed in air at room temperature. The slide was 
oscillated through 5°. A fairly sharp diffraction pattern showing 
four orders of a spacing 35.0 + 0.7 A. was obtained. Odd orders 
were slightly stronger than the even. 
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Interpretation of x-Ray Pattern—It has been shown that multi- 
layers are microcrystalline and that the long x-ray spacing ob- 
tained always corresponds to the long spacing of one of the crystal- 
line forms in which the substance forming the multilayer can 
exist (13). Y-deposited films of barium salts of fatty acids con- 
tain a fairly high perceritage of free acid, but the x-ray pattern 
obtained is that of the barium salt (18). 

Phthioie acid itself has not been obtained in crystalline form, 
but phthioamide has been obtained in the form of microcrystalline 
leaflets by Spielman and Anderson (5). The multilayer technique 
is a convenient method for obtaining oriented crystalline layers 
of long chain compounds, and it is evident that the barium 
phthioate in the multilayer is present in crystalline or at least 
smectic form. 

In the crystalline state, long chain compounds may be arranged 
in vertical or tilted single molecule or double molecule lattices 
(19). Barium salts of straight chain fatty acids crystallize in 
the vertical double molecule arrangement. The only branched 
chain acids that it has so far been possible to obtain in multilayer 
form, namely a-methyl-substituted long chain acids (calcium 
salts (20)), show a tilted double molecule arrangement. The 
structure of phthioic acid is unknown, but it can be shown that 
the spacing of 35 A. for barium phthioate must correspond to a 
vertical or slightly tilted double molecule arrangement. 

No measurements of the long spacing of the barium salt of the 
normal isomer of phthioic acid, n-hexacosanoic acid, have been 
found in the literature, but an extrapolation from the spacings 
given by the lower homologues shows that the spacing of barium 
hexacosanoate will be about 70 A., corresponding to about 35 A. 
per molecule. A single layer arrangement of barium phthioate 
can be excluded, as the straight chain isomer even in a vertical 
single layer arrangement would not give a spacing longer than 35 A. 
and the height of a single layer of the branched phthioic acid 
molecule must necessarily be lower. This, together with the 
fact that salts of carboxylic acids have never been found to form 
single layer lattices, indicates that the spacing of 35 A. corresponds 
to a double molecule arrangement. The possibility that the first 
line observed in the x-ray pattern is the second order and that all 
odd orders are absent can also be excluded. If the odd orders were 
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absent, the true spacing would be 2 & 35 A. = 70 A. and this is 
just the spacing that can be obtained with two vertical straight 
chain molecules with 26 carbon atoms in the chain and could not 
possibly be given by a double molecule arrangement of a branched 
chain acid. Furthermore, in the diffraction patterns given by 
fatty acids and their salts, odd orders of the long spacing are 
always stronger than the even orders. 

The spacing of 35 A. observed for the barium salt of the phthioic 
acid, although only about half that of the isomeric straight chain 
acid, must therefore correspond to 2 vertical or slightly tilted 
molecules, giving a spacing per molecule of 17.5 A. 

It is of course not certain that the phthioate multilayer is truly 
crystalline; it may also be a smectic arrangement within the film. 
Barium salts of straight chain acids are not smectic, however, (21) 
and the above discussion will apply in either case. 

The equimolecular mixed phthioic acid-octadecylamine film gave 
a weak but sharp diffraction pattern with a long spacing of 31.3 A. 
The interpretation of this pattern is difficult, however. A filmof 
pure octadecylamine (octadecylamine phosphate) built from the 
same substrate as the mixed film gave a long spacing of about 48 A. 
It might be possible to obtain more information on the mixed 
multilayers by using different molecular proportions of phthioic 
acid and octadecylamine and amines of different chain lengths. 
If the spacing of 31.3 A. remains constant, it must be due to the 
phthioic acid. It has not yet been possible to carry out such 
experiments. 

A powder photograph of the free acid taken at a temperaturea 
few degrees below the melting point showed only a very diffuse 
ring corresponding to a spacing of 4.2 A., which is the side spacing 
given by a rotating hydrocarbon chain (22). 

DISCUSSION 
Structure Suggested by Film Experiments 

The outstanding film properties of phthioic acid are that (a) 
at low temperatures the acid, although highly branched, forms 
condensed monolayers which cannot be compressed below 36 sq. A. 
per molecule without collapse, (b),the un-ionized acid has an ex- 
ceptionally high apparent surface moment, (c) from a suitable 
substrate containing barium ions multilayers of barium phthioate 


tenes 
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are easily obtained. Phthioic acid is the only branched acid so 
far tried from which perfect multilayers have been obtained. (d) 
Multilayers of barium phthioate give good x-ray diffraction pat- 
terns showing a long (c-) spacing of 35 A. 

The fact that the lowest stable area of the mesomorphous film 


is 36 + 1 sq. A. and the very short c-spacing of the barium phthio- 
ate would suggest that a molecule mainly consists of two parallel 
hydrocarbon chains forming some sort of “hairpin” molecule. An 
area of 18 sq. A. per chain might appear to be too small, as the 
cross-section of a hydrocarbon chain in the crystalline state is 
18.1 to 18.5 sq. A. and the smallest areas per chain obtained in 
monolayers are usually slightly larger (23). The larger mono- 
layer cross-section may be due to the head group and its attached 
water molecules. Under suitable experimental conditions, how- 
ever, areas of 18.5 sq. A. per chain can be obtained in monolayers 
of straight chain compounds (24, 25). In the case of phthioie 
acid there is only one head group, and at an area of 36 sq. A. 
there is ample room for the carboxyl group and the full pressure 
is applied to the hydrocarbon part of the molecule. 13 dynes 
per em. on a monolayer 18 A. high are equal to 73.6 kilos per sq. 
em. Some of the “hairpin” molecules studied in Paper II (7) 


9° 


could be compressed down to 37 sq. A. per molecule. 


Comparison with Some Branched Acids of Known Constitution 


The results obtained with the Cs isomers of phthioiec acid pre- 
pared by Chargaff (26) and studied in Paper I (6) show that two 
long hydrocarbon chains attached to the same tertiary carbon 
atom do not pack side by side easily; for close side by side packing 
to occur it is necessary, as shown in Paper II (7), to replace the 
hydrogen atom of the tertiary carbon atom by an alkyl group. 
The simplest structure that would seem to fit these facts is that 
of a trisubstituted acetic acid with two long chains. ‘This structure 
also accounts for the very high surface moment of the phthioie 
acid, which is very much higher than those of the disubstituted 
acetic acid isomers but about equal to that given by methyldi-n- 
octylacetic acid. 

A comparison between phthioic acid and some branched acids 
of known structure is shown in Figs. 6 and 7. Curve a, Fig. 6, 


shows methyldi-n-octylacetic acid. The force-area and surface 
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moment-area curves of this trisubstituted acetic acid resemble 
rather closely those of phthioie acid. Curve b, Fig. 6, shows 
di-n-octylacetic acid, which is more expanded and has a lower 
moment than the corresponding trisubstituted acetic acid. n- 
Decyl-n-tetradecylacetic acid, one of the disubstituted acetic acid 
isomers of the phthioic acid prepared by Chargaff (26), gives the 
results shown in Curve ¢, Fig. 6. It is more expanded and has a 
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Fic. 6. Comparison between phthioic acid (dotted curves) and some 
branched acids of known constitution. Curve a, methyldi-n-octylacetic 
acid (CygHyO.); Curve b, di-n-octylacetic acid (CisHseO2); Curve c, 
n-decyl-n-tetradecylacetic acid (CosHs202). 0.01 N HCI substrate at 20°. 


considerably lower moment than phthioic acid. Of the two other 
isomers prepared by Chargaff, namely di-n-dodecylacetic acid and 
n-butyl-n-eicosylacetic acid, the first is still more expanded than 
the n-decyl-n-tetradecylacetic acid and the second forms no stable 
monolayer on acid substrate at room temperature (6). 

The result shown in Fig. 7, Curve a, for dimethyl-n-decylacetic 
acid? indicates that a trisubstituted acetic acid with two short and 


2 Stallberg and Stenhagen, unpublished measurements. 
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one long chain does not possess a 





very high surface moment, 


Curve b shows phytanic acid, 3,7,11,15-tetramethylhexadecoic 


acid. 


This structure is of interest, as Spielman and Anderson 


(5) have suggested that phthioic acid is a long chain structure 


with several side chains. 


Owing to the presence of four evenly 


distributed methyl side chains, phytanic acid forms a rather ex- 
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Fic. 7. ¢ omparison between phthioic acid (dotted curves) and some 
branched acids of known constitution. Curve a, dimethyl-n-decylacetic 
acid (Cy gH oeOe Curve b, 3,7,11,15-tetramethylhexadecoic acid 
(CoH wO:); Curve c, tuberculostearic acid 10-methylstearic acid, 
CigH3O02). The dash-dotted curves to the left, the normal chain margaric 


acid (CyH,O2). 0.01 nN HCl substrate at 20°. 


panded film. 


The surface moment of the acid, which has the 


first methyl side chain in 8 position, is not appreciably higher than 
that of the normal chain isomer and on a substrate containing 


barium ions! the monolayer can be compressed down to an areé 


> 


of 30 sq. A. per molecule before collapse occurs. 


As an increase 


in the total number of carbon atoms in a structure of this type 


would probably result in 





a still smaller minimum area, it appears 
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that if the phthioic acid is a long chain structure with several 
side chains at least some of these must be longer than methyl. 
The x-ray results do not appear to be easily compatible with a 
structure of this type, however. Curve c, Fig. 7, shows tuber- 
culostearic acid (10-methylstearic acid).2 This acid has 19 carbon 
atoms as against 20 in the phytanic acid, but the presence of only 
one methyl side chain makes the monolayer less expanded than 
that of the latter. The side chain is very far away from the car- 
boxyl group and the apparent surface moment of the 10-methyl- 
stearic acid is not appreciably different from that of normal chain 
acids (cf. margaric acid in Fig. 7). 

It should be pointed out that in the above discussion acids of 
different molecular weight have been compared. It is known that 
the surface moment changes slightly with increase in molecular 
weight in normal chain and also in symmetrical branched acids, 
such as dialkylacetic acids (6). The changes due to increase in 
molecular weight are much smaller, however, than those here dis- 
cussed, which depend on the special configuration of the molecule 
near the carboxyl group. 

The only branched aliphatic acids so far investigated which 
have moments as high as phthioic acid are methyldi-n-octylacetic 
acid and 3-methyl-3-octylundecoic acid (methyldi-n-octyl-(8)-pro- 
pionic acid) (7). 

The deposition ratio for the multilayers of barium phthioate 
is very nearly equal to 1, and the optical spacing per layer, 18.2 
+ 0.7 A., will correspond closely to the height of the monolayer 
on water (12). If phthioic acid mainly consists of two parallel 
chains, these must at an area of 36.5 sq. A. be closely packed and 
vertical and the optical spacing of the multilayer is then nearly 
equal to the length of the molecule. It is interesting that the 
X-ray spacing per molecule of the barium salt, in which the mole- 
cules are vertical or slightly tilted (and the spacing per molecule 
therefore is equal to or slightly shorter than the length of the 
molecule), 17.5 A., is almost identical with the optical spacing of 
of the multilayer. The dimensions of the phthioic acid molecule 
are therefore approximately 18 A. X 36.5 sq. A. 

Phthioie acid is optically active and must contain at least 1 
asymmetric carbon atom. To account for this, the long chains 
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in our structure must be of unequal lengths. The suggested 
structure is perhaps best expressed as follows: 


CH;(CH))- 


CH; (CH,),—C—COOH 


J 
4 


CH;(CH)), 
where z and y = 8-13 and are different, z = 0 or 1; 7 + y¥+2= 21. 


Trisubstituted Acetic Acid Structure and Other Properties 
of Phthioice Acid 


It now remains to investigate whether the trisubstituted acetic 
acid structure can account for all other known properties of 
phthioie acid. 

Chargaff (26) concluded from the melting points of the disub- 
stituted acetic acid isomers of phthioic acid that the latter must 
contain at least three hydrocarbon chains. By the Kuhn-Roth 
method of estimating side chain methyl, Wagner-Jauregg (27) 
found that tuberculostearic acid gave 1.4 molecules of acetic acid 
and phthioic acid 2.4 molecules of acetic acid per molecule. The 
phthioie acid used by Wagner-Jauregg was probably inhomo- 
geneous, but the results suggest the existence of at least three 
carbon chains. 

Spielman and Anderson (5) carried out experiments with a view 
to determining whether phthioic acid is substituted in the a 
position. From their results phthioic acid is not a primary acid 
but it does not seem possible to decide whether it is a secondary 
or tertiary acid. Wieland degradation yielded mainly a mixture 
of neutral substances. A primary acid would give an acid and a 
secondary acid, a ketone. Spielman and Anderson concluded that 
the results were in favor of a substitution. Determination of the 
chlorine number by the method of von Braun gave ambiguous 
results. The theoretical chlorine numbers for primary and secon- 
dary acids are 200 and 100 respectively and a tertiary acid should 
give no reaction. For phthioic acid, chlorine numbers of 140, 220, 
and 480 were obtained and it was concluded that in the case of 
phthioie acid the method could not be relied upon as a criterion 
for a substitution. 

Chromic acid oxidation of phthioic acid, also carried out by 
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Spielman and Anderson (5), gave an acid Cy,H22O2, the 2,4,6- 
tribromoanilide of which melted 18° and the p-bromophenacy] ester 
19-20° lower than the corresponding derivatives of n-undecoic 
acid. The acid, therefore, is not n-undecoie acid, and Spielman 
and Anderson suggested that it had a branched chain. It appears 
quite possible, however, that the Ci; acid obtained by Spielman 
and Anderson is a mixture of normal chain acids of a mean molec- 
ular weight corresponding to Ci:H22O2. The trisubstituted acetic 
acid structure on oxidation with chromic acid might be expected 
to give a mixture of normal chain acids, among which the C,4, 
and the C,s: acids should be found. 

An x-ray investigation of the Cy, acid obtained from phthioic 
acid might give valuable information on its composition. 

Spielman and Anderson found no trace of dibasic acids or of 
neutral material among the oxidation products of phthioiec acid. 
A long chain structure with a number of side chains might be 
expected to give dibasic acids on oxidation. From the oxidation 
(chromic acid) products of tuberculostearic acid (10-methyl- 
stearic acid) Spielman (28) was able to isolate azelaic acid and 
methyl-n-octyl ketone. On the other hand, a trisubstituted long 
chain acetic acid cannot easily be expected to give any dibasic 
acids on oxidation with chromic acid. 

One difficulty for the trisubstituted acetic acid structure might 
arise from the fact that phthioic acid appears to be relatively 
easily esterified and the esterification rate of a,a-substituted long 
chain acids might be expected to be low (29). Experiments on 
some trisubstituted long chain acetic acids prepared by Dr. A. J. 
Birch in the laboratory of Professor Sir Robert Robinson, show, 
however, that the esterification, although considerably slower than 
for normal acids, is not unduly difficult. 

Levene, Rothen, and Marker (30) have examined the optical 
properties of a number of fatty acids with methyl side chains and 
found that the molecular rotation diminished when the methyl 
group was displaced successively further away from the carboxyl 
group. As pointed out by Spielman and Anderson (5), the rela- 
tively high molecular rotation of phthioic acid, +50°, thus indi- 
cates an asymmetric carbon atom in a, 8, or y position, preferably 


in a position. 


3 Personal communication from Dr. Birch. 
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The melting point of methyldi-n-octylacetic acid, prepared by 
Birch,? is about —10° and the melting point of phthioic acid, 
+20 to 21°, is about that expected for a higher homologue contain- 
ing 7 carbon atoms more. 

The trisubstituted acetic acid structure thus appears to be able 
to account for all known properties of phthioie acid in a fairly 
satisfactory manner. The correctness of this structure and the 
finer details can of course only be determined by ordinary methods 
of organic chemistry, when larger quantities of the acid are 
available. 

As acids of the structure here proposed for the phthioic acid 
represent a hitherto unknown type of fatty acids, it was originally 
intended to carry out experiments with a synthetic acid of this 
type, isomeric with phthioic acid, before publication of these 
results. Professor Sir Robert Robinson kindly agreed to under- 
take to prepare ethyl-n-decyl-n-dodecylacetic acid (1), and Dr. A. 
J. Bireh,* working in Professor Robinson’s laboratory, had nearly 
completed this synthesis when the European conditions made com- 


munications with the Oxford laboratory impossible. 


Part of this work was carried out in 1938 by one of us (EF. 8.), 
during the tenure of a Rockefeller Foundation fellowship at the 
Department of Colloid Science, Cambridge, England. He is in- 
debted to Professor E. K. Rideal for his interest in the work and 
to Dr. I. Fankuchen for help with part of the x-ray work. 

We are greatly indebted to Professor R. J. Anderson for a speci- 
men of phthioic acid that made this work possible, and for his 
continued interest in the work. 

The work at Upsala has been aided by grants from the Swedish 
Association against Tuberculosis and from the Rockefeller Foun- 


dation. 


‘In collaboration with Dr. Arén and Dr. T. Teorell at 1 psala some 
branched acids prepared by Dr. Birch in connection with this work, namely 
dimethyl-n-dodecylacetic acid, methyldi-n-octylacetic acid, and 3-methyl- 
3-octyl-n-undecoic acid, have been subjected to a preliminary biological 
test on guinea pigs. The results indicate that the trisubstituted acetic 
acids mentioned above are rather toxic, but no specific tissue reaction 
has been obtained so far. On the other hand the (8)-trisubstituted pro- 
pionic acid (3-methyl-3-octyl-n-undecoic acid) is apparently hardly toxic 
at all. This difference between a- and §-trisubstituted acids must await 
confirmation when more synthetic material is available, however. 
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SUMMARY 

Mono- and multimolecular films of phthioic acid have been 
studied. 

Phthioic acid forms at low temperatures mesomorphous mono- 
layers, which cannot be compressed below 36 + 1 sq. A. without 
collapse. 

The apparent surface moment of the undissociated acid, 380 to 
350 millidebyes, is the highest value so far recorded for a saturated 
aliphatic acid. From a suitable substrate containing barium ions, 
Langmuir-Blodgett multilayers of barium phthioate are easily 
obtained. Such multilayers, built from a monolayer on water 
compressed to an area of 36 sq. A. per molecule, show an optical 
spacing per layer of 18.2 + 0.5 A. The barium phthioate multi- 
layer gives a good x-ray diffraction pattern showing a long spacing 
of 35 + 0.7 A. 

The film measurements and a comparison with the results ob- 
tained with branched acids of known constitution suggest that the 
phthioic acid may be trisubstituted acetic acid with two long and 
one short chain. The correctness of this view can only be deter- 
mined by further work, but the suggested structure appears com- 
patible with all known properties of phthioic acid. 
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The first proof that heterotrophic, non-photosynthetic bacteria 
ean fix carbon dioxide was presented in 1935 by Wood and Werk- 
man (15). This investigation introduced the first experimental 
evidence that carbon dioxide serves as a building material in 
synthetic reactions of all forms of life, whether simple or complex. 
The synthesis of citric acid from oxalacetate by avian tissue was 
shown by Krebs and Johnson in 1937 (8), and Wood and Werk- 
man (17) suggested that this reaction involved utilization of carbon 
dioxide. The recent results of Evans and Slotin (7) with radio- 
active carbon (C"') provide the experimental evidence showing that 
this is the case. The California group (Barker et al. (1, 2); Ruben 
and Kamen (14); Carson and Ruben (6); Carson et al. (5)), using 
C", has confirmed and extended our knowledge of heterotrophic 
carbon dioxide assimilation. They demonstrated fixation of car- 
bon dioxide with yeast and a number of heterotrophic bacteria. 

The present report concerns the mechanism of carbon dioxide 
fixation. Heavy carbon (C™) has been used as a tracer of fixed 
carbon dioxide. Such studies undoubtedly will lead to a clearer 
understanding of the chemistry of photosynthesis and chemosyn- 
thesis in general. The present results show the distribution of 
fixed carbon dioxide in the products of bacterial fermentation (19). 


* Journal Paper No. J-833 of the Iowa Agricultural Experiment Station, 
Project 572. 

The authors wish to acknowledge grants from the Rockefeller Founda- 
tion and Dazian Foundation for Medical Research. 
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EXPERIMENTAL 

The procedure consisted in fermenting a substrate with a cell 
suspension in a medium containing NaHCO; enriched with C%, 
The products were fractionated, determined quantitatively, con- 
verted to carbon dioxide, and the C" content determined with the 
mass spectrometer (Nier (9)).!_ The sodium bicarbonate was pre- 
pared from carbon dioxide derived from methane, which contained 
a high complement of C" and was obtained with the thermal diffu- 
sion column described by Nier (10). The methods of fractionation 
and quantitative determination of products were those previously 
employed. The alcohol in the neutral distillate, volatile acids in 
the steam distillate, and silver succinate from the ether extract 
were oxidized to carbon dioxide with persulfate (Osburn and Werk- 
man (12)). When formic acid was present, it was removed from 
the volatile acid distillate by oxidation to carbon dioxide with 
mercuric oxide (Osburn et al. (13)) prior to the persulfate oxidation. 
Lactic acid and the non-reducing material were not analyzed 
for C®, 

The carbon recovery is expressed in per cent recovery of the 
earbon in the original substrate plus that in the sodium bicar- 
bonate. Compounds in which the C™ was not determined are 
assumed to contain the natural complement of C™ in these caleu- 
lations. The content of C™ is expressed as per cent C"; 7.¢., 


Moles Cc 


ole re — X 100 
Moles C" + moles C™ 


It should be noted that the per cent C™ is an expression of the 
quantitative relationship of C™ and C™ in the compound and is 
not an expression of the actual amount of C®. The amount of 
C8 present in a compound is calculated as follows: per cent C® X 
mM of compound X number of carbon atoms in compound = mM 
of C™. The fact that a compound contains fixed carbon dioxide is 
indicated when the content of C™ is above that of the normal 
complement of C"; 7.e., 1.09 per cent. Nier and Gulbransen (11) 
have shown that all natural products examined contained approxi- 
mately 1.09 per cent C™. 


1 We wish to thank Miss M. Svenseid for assistance in the preparation 


of gas samples. 
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It should be emphasized that, in the comparison of the amount 
of fixation of carbon dioxide in one fermentation with that of 
another, both the concentration of C™ in the original sodium 
bicarbonate and the extent of dilution of this bicarbonate-carbon 
dioxide by carbon dioxide formed from the substrate must be 


considered. 


TABLE I 
Distribution of Fixed Carbon among Products of Galactose and Pyruvate 
Fermentation by Escherichia colt 








Substrate. Galactose* Pyruvatet 
C8 + C recovery, per cent. 96.9 98.7 
C™ recovery, per cent 94.3 101.2 


mM perl. | percentC™| mM perl. | per cent C™ 


Initial substrate 75.0 1.09 175.0 1.09 
Final substrate 7.3 30.0 
Initial NaCHO; 110.0 4.17 149.1 2.58 
Final NaHCO; and CO, 143.8 2.72 167.8 2.30 
Products 
Ethyl alcohol 51.4 1.06 0.0 
Acetic acid 20.6 1.07 87.2 1.07 
CO. 33.8 18.7 
Formic acid 1.12 70.2 1.50 
Succinic acid 52.5 1.46 34.3 1.24 
Lactic acid 0.0 8.6 
H; 12.0 31.1 


* The reaction mixture = 0.075 m galactose, 0.109 m NaHCQs, and 2.0 
per cent wet bacteria (Escherichia coli 26 from 20 hour culture at 30° in 
glucose 1.0 per cent, peptone 0.3 per cent, (NH,)2SO, 0.3 per cent, KzHPO, 
1.0 per cent, and tap water 10 per cent). In this and subsequent experi- 
ments of Tables I, II, and III the reaction time was 3 days, temperature 30°, 
atmosphere Nz. 

+t The reaction mixture = 0.175 m sodium pyruvate, 0.15 m NaHCOs, 
and 2.0 per cent wet bacteria (Escherichia coli 26 from 15 hour culture at 
37° on Lemco beef extract 1 per cent, Difco peptone 1 per cent, Difco yeast 
extract 0.5 per cent, NaCl 0.5 per cent, agar 3.0 per cent). 


On consideration of the fermentation of galactose by Escherichia 
colt (Table I), it is apparent that succinic acid is the only product 
which contained C™ in greater than normal concentration and that 
the excess of C™ must have originated by carbon dioxide fixation 
from the initial sodium bicarbonate which contained 4.17 per cent 
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C8, The usual limit of error in the determination of C" is about 
2 per cent. The value 1.46 for succinic acid is, therefore, highly 
significant. There is reason to believe that succinic acid is formed 
by union of a 3-carbon compound originating from the galactose 
and a l-carbon compound, carbon dioxide, originating from both 
the sodium bicarbonate and galactose (18, 20). On this basis 
3 carbon atoms of the succinic acid should have the natural 
complement of C™ (1.09 per cent), and the 4th carbon atom an 
unknown amount, depending on the concentration of C™ in the 
initial sodium bicarbonate, and dilution by carbon dioxide origi- 
nating from the galactose. On the basis of these requirements, 
the greatest possible C™ concentration that can be obtained in 
the succinic acid will be 1.86 per cent ;? 7.e., when all the fixed carbon 
dioxide is from the original sodium bicarbonate containing 4.17 
per cent C™. Calculated on the basis of the fixed carbon dioxide 
containing 2.72 per cent C™, the amount present in the sodium 
bicarbonate and carbon dioxide at the conclusion of the fermenta- 
tion, the percentage of C™ in the succinate is 1.50 compared to 
the observed value of 1.46. 

The quantitative relationship of the end-products is in accord 
with the indicated carbon dioxide fixation. Most schemes of 
fermentation postulate that the formation of a 2-carbon compound 
is accompanied by a l-carbon compound. In the galactose fer- 
mentation 72 mM of 2-carbon compounds were formed and only 
35 of l-carbon compounds. The deficiency in l-carbon compounds 
is undoubtedly caused by carbon dioxide assimilation. 

The fermentation of pyruvate by Escherichia coli (Table I) is 
also accompanied by fixation of carbon dioxide in succinic acid.’ 


2? Calculated by the following general equation, (1.09 N + X)/M = 
average per cent C™ in molecule. 1.09 = per cent C™ in normal carbon, 
V = No. of carbon atoms with normal complements of C™, X per cent 


C3 in fixed carbon dioxide, and M = total No. of carbon atoms in molecule. 

> Considerable difficulty was encountered in obtaining a substantial 
yield of succinate from pyruvate. ‘Two factors are particularly important, 
(1) the method employed in growing the cells, and (2) the concentration of 
sodium bicarbonate in the reaction mixture. Cells grown in glucose broth 
or on glucose-peptone-agar gave low yields of succinic acid, whereas 
cells grown on beef extract-yeast extract-peptone-agar gave high yields. 
With the latter cells the yield of succinic acid per 100 mm of fermented 
pyruvic acid was 4.3, 10.0, 16.8, and 19.6 mm with 0.025, 0.050, 0.100, and 
0.175 m sodium bicarbonate respectively, under an atmosphere of carbon 


dioxide. 
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The C® concentration in this acid was 1.24 percent. The C™ value 
of formic acid, 150 per cent, indicates that a substantial amount 
of earbon dioxide was fixed in this acid. These results confirm 
Woods’ (22) experiments in which carbon dioxide was reduced to 
formic acid with hydrogen by Escherichia colt. In comparison of 
the succinic acid and formic acid values, it must be borne in mind 
that three of the carbon atoms of succinic acid may contain the 
natural complement of C" and that these carbon atoms dilute 
the C™ of the fixed carbon. 

According to the usual schemes of pyruvate fermentation an 
initial equivalence of 2- and 1-carbon compounds is to be expected 
from the 3-carbon compound. This equality will be destroyed if 
one of these compounds is consumed at a greater rate than the 
other. It is interesting, therefore, that in spite of carbon dioxide 
assimilation in the fermentation of pyruvate, the sum of the 1-car- 
bon compounds (88.9 mM) was equal to the 2-carbon compound 
(87.2 mm). This equality has also been observed in a number of 
unpublished experiments. The question thus arises as to whether 
the 2-carbon and l-carbon compounds were initially formed in 
equal molar quantities, and if they were, why the 2-carbon com- 
pound was broken down in an amount equivalent to the fixed 
carbon dioxide. 

Results of the fermentation of glycerol by the propionic acid 
bacteria are shown in Table II. Two fermentations (Nos. 1 
and 2), identical except that Fermentation 2 contained sodium 
bicarbonate with concentrated C™, 4.64 per cent, were conducted 
forcomparison. A survey of the results shows that carbon dioxide 
was fixed in the succinic acid, volatile acids, and propyl alcohol and 
that the distribution of C was normal in all products when the 
natural sodium bicarbonate was used. Succinic acid contained 
the greatest percentage of fixed carbon, 1.65 per cent C™ as com- 
pared to 1.48 per cent for the volatile acids. However, since 
approximately 3 times as much volatile acid as succinic acid is 
produced in the fermentation, more of the total fixed carbon is 
in the volatile acids. It is somewhat difficult to estimate the 
exact amount of fixed carbon in a particular compound and the 
percentage this carbon constitutes of the total fixed carbon. The 
difference between the mm of C" in the original sodium bicarbonate 
(7.49) and that in the final sodium bicarbonate and carbon dioxide 
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(4.54) is not a measure of fixed carbon dioxide. This fact is 
apparent when one considers that the final sodium bicarbonate 
and carbon dioxide contain not only the C™ of the residue of the 
original sodium bicarbonate but also C™ of the carbon dioxide 
formed from the substrate which contains the natural comple- 
ment of C%. Since the products in the two fermentations (Nos. 1 


TABLE II 


Distribution of Fixed Carbon among Products of Glycerol Fermentation by 
Propionibacterium pentosaceum 


Fermentation No. ...... 1 2 3 
C8 + C® recovery, per cent 104.5 104.4 97.5 
C4 recovery, per cent 104.4 100.5 95.2 
mM per per cent! m mC? ma per per cent mm C™ mM per per ain 
, cu | perl. l. cu per l. l. cu 
Initial glycerol 175.0 | 1.09 | 5.72 |175.0 | 1.09 | 5.72 {125.0 | 1.09 
Final glycerol 2.5 | 0.08 2.0 0.06 0.9 
P | 
Initial NaHCO; (a 161.5 | 1.10 1.78 |161.4 | 4.64 | 7.49 |108.1 | 2.56 
Final NaHCO; and 
CO, (b) 123.6 | 1.09 | 1.35 |125.3 | 3.62 | 4.54 | 80.1 | 2.10 
Apparent CO, fixed 
a bh) 37.9 36.1 28.0 
Products 
Succinic acid 36.4 | 1.10 | 1.60 | 37.0 | 1.65 | 2.44 | 21.1 | 1.28 
Propionic “ 114.4 114.5) 90.6 
i a 1.09 | 3.86 , 1.48 | 5.27 3 1.23 
Acet acid 9] } | ' 6 3 , 6.] ' 
Propy! alcohol. 9.5 | 1.08 | 0.31 9.0 | 1.39 | 0.388 | 6.7] 1.18 
Non-reducing ma- 
terial 9.7 0.63 9.0 0.59 0.0 
The reaction mixture 0.175 m glycerol, 0.175 m NaHCOs,, and 2.0 per 


cent wet bacteria (Propionibacterium pentosaceum 49W grown 6 days at 
30° on 0.5 per cent glycerol, 0.05 m phosphate buffer, pH 7.0, and 0.4 per 


cent Difco yeast extract). 


and 2) are quantitatively practically identical, an approximation 
of the fixed carbon dioxide can be obtained by comparing the fer- 
mentation containing normal sodium bicarbonate with that con- 
taining C™-enriched sodium bicarbonate. The mm of C™ in each 
product of the fermentation with concentrated C™, in excess of 
the mm of C™ in the products of the normal fermentation, are a 
measure of the fixed carbon dioxide. The excess C™ in the suc- 
cinic acid is 0.84 mM, in the volatile acids 1.41 mm, and in propyl 
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alcohol 0.07 mm. Apparently, about 36 per cent of the fixed car- 
bon dioxide is in the succinic acid and 61 per cent in the volatile 
acid. Carson and Ruben (6) obtained similar results with C™. 

It should be noted that notwithstanding the net decrease in 
total carbon dioxide (sodium bicarbonate and gaseous carbon 
dioxide) during the fermentation, there was a production of carbon 
dioxide from the glycerol. This fact is evident since the per cent 
C® of the final sodium bicarbonate plus carbon dioxide is less 
than that of the original sodium bicarbonate (cf. Fermentations 2 
and 3). The CO, has been diluted with C"O, formed from the 
glycerol. The production of carbon dioxide equivalent to the 
acetic acid is not sufficient to account for the observed dilution 
of C¥. It is thus probable that there is considerable additional 
cleavage of the glycerol. The fermentation therefore may involve 
more complex conversions than a direct formation of propionic 
acid from the glycerol and synthesis of succinic acid through the 
union of a 3-carbon compound from the glycerol and a 1-carbon 
compound from the sodium bicarbonate. The total carbon dioxide 
fixed in the fermentation of glycerol is, therefore, greater than the 
apparent fixed carbon dioxide. The apparent fixed carbon dioxide 
is the decrease in total carbon dioxide of the system, 7.e. (original 
sodium bicarbonate) minus (final sodium bicarbonate + carbon 
dioxide), and therefore does not include fixed carbon dioxide origi- 
nating from the glycerol. 

The question arises as to whether or not the C“O, may have 
been diluted by C"O-, from the glycerol owing to an exchange 
reaction. While it is improbable that non-enzymic exchange 
occurs, there may be interchange of CO, during the enzymic con- 
versions. For example, if pyruvic acid is formed intermediately 
from glycerol during the formation of propionic acid, it is con- 
ceivable that in the presence of carboxylase there would be 
exchange of C“O, with the carboxyl carbon of the pyruvic acid.‘ 
The exchange reaction is, of course, in the final analysis, fixation of 
carbon dioxide. It will have no qualitative influence on the 
products of fermentation, however, unless it results in the forma- 


‘Proof that the fixed carbon is exclusively in the carboxyl group of 
succinic and propionic acids is given by Wood et al. (20, 21). Our results 
are not in agreement with the report of Carson et al. (5) in which it is sug- 
gested that the fixed carbon is in all three carbon groups of propionic acid. 
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tion of an intermediate which would not otherwise be formed from 
the substrate. Also, the exchange can cause a net uptake of carbon 
dioxide (such as occurs in the glycerol fermentation) only when it 
involves a synthesis with an intermediate which is formed from the 
substrate without evolution of carbon dioxide. The cleavage of 
glucose and many other substrates is undoubtedly to a 3-carbon 
compound and ultimately to pyruvic acid without simultaneous 
formation of carbon dioxide. The following equilibrium, 


CO, + HCH,-CO-COOH = COOH-CH,-CO-COOH 


involves an exchange. If, however, the oxalacetic acid is removed 
by reduction, a plausible explanation is offered for the formation 
of 4-carbon dicarboxylic acids containing fixed carbon, as well as 
for the observed net uptake of carbon dioxide. 

The experimental values are in fairly good agreement with this 
supposition. Calculated on the basis that the fixed carbon dioxide 
has a concentration of C™ equal to that at the conclusion of the 
fermentation® and that the C™QOz is fixed in one carboxyl group 
of succinic acid, the values, 1.72 (Fermentation 2) and 1.34 (Fer- 
mentation 3), are obtained for the per cent C™ in succinic acid as 
compared to the experimental values 1.65 and 1.28 per cent respec- 
tively. Calculated on the basis that two carboxyl groups contain 
fixed carbon (7.e., carbon dioxide exchange in both carboxyl groups) 
the values are 2.71 per cent (Fermentation 2) and 1.77 per cent 
(Fermentation 3). The data, therefore, indicate that carbon 
dioxide is fixed in only one carboxyl group of succinic acid. 

The mechanism by which carbon is fixed in the carboxyl group 
of propionic acid is more uncertain. A possible explanation is 
that decarboxylation of succinic acid occurs to yield propionic acid 
and carbon dioxide (cf. Wood and Werkman (16)). This decar- 
boxylation would yield propionic acid with C™ in the carboxyl 
group and also dilute the C™Oz, since from a symmetrical dicar- 
boxylie acid containing fixed carbon in one carboxy! group, there 

5 The concentration of C™ in the fixed carbon dioxide is difficult to 
estimate. There is no assurance that the carbon dioxide produced within 
the cell comes completely to equilibrium with the dissolved carbon dioxide 
in the medium before it is utilized. Arbitrarily in this and subsequent 
experiments we have used the concentration of C™ in the carbon dioxide 
at the conclusion of the fermentation as representative of the average 
concentration of CO, available to the cell. 
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is an equal chance of splitting off carbon dioxide from the carboxyl 
which originated from the glycerol, or C“O, from the carboxyl 
formed from the fixed carbon. A requirement of this reaction is 
that the concentration of heavy carbon in the carboxyl group of 
propionic acid be no greater than the average concentration of 
the C™ in the two carboxyl groups of succinic acid. It is interest- 
ing that the C™® in the carboxyl groups of succinic and propionic 
acids is practically equal® (Fermentation 2, 2.21 and 2.29 per cent; 
Fermentation 3, 1.47 and 1.54 per cent). The implication of this 
equality is that all the propionic acid may be formed via decar- 
boxylation of succinic acid or some other symmetrical dicarboxylic 
acid and none by conversion of the intact glycerol to propionic acid. 

The dilution of the C™ of the original NaHCO; as calculated on 
the basis of the above scheme is in fair agreement with the observed 
values. Carbon dioxide containing the natural complement of 
C8 and equivalent to one-half of the quantity of propionic acid 
would be formed. Assuming the C" of the original NaHCO; is 
diluted by this amount of carbon dioxide, one obtains 3.76 per 
cent (Fermentation 2) and 2.23 per cent (Fermentation 3) for 
the concentration of C™ in the final carbon dioxide as compared 
to the observed values 3.62 and 2.10 per cent respectively. The 
somewhat lower observed values are to be expected because some 
carbon dioxide may be formed along with the acetic acid. 

On the other hand the experimental values are not easily adapt- 
able to an exchange reaction, for if the C"O, were fixed in the 
propionic acid by the exchange 3-carbon compound = 2-carbon 
compound + carbon dioxide and equilibrium was reached the C" 
content would be greater in the propionic acid than is observed 
(1.93 per cent, Fermentation 2, and 1.42 per cent, Fermentation 3) 
(cf. foot-notes 2 and 5 for calculations) compared to experimental 
values 1.47 per cent, Fermentation 2, and 1.23 per cent, Fer- 
mentation 3. It is thus evident that if propionic acid is formed 
by reduction without splitting of the glycerol chain there is incom- 
plete carbon dioxide exchange with the carboxyl carbon and by 
some coincidence the exchange was almost exactly 50 per cent in 
both fermentations, Nos. 2 and 3. It seems more probable that all 

® These values have been calculated from the average per cent of C™ 


in the respective compounds as given in Table II and by means of the 
general equation of foot-note 2. 
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the propionic acid is formed by a mechanism involving union of a 
3-carbon compound from the glycerol and carbon dioxide, yielding 
ultimately a symmetrical dicarboxylic acid (possibly succinic acid) 
and that this acid is subsequently converted to propionic acid and 
carbon dioxide. The liberated carbon dioxide is then used again 
in a similar cycle of events. The mechanism by which propionic 
acid is formed from lactic acid, glucose, ete., has always been in 


TaBLe III 


Distribution of Fized Carbon among Products of Citrate and Glucose Fermen- 
tation by Citrobacter and Propionibacterium Respectively 


C® in fer- 
ae . mentation 
Substrate re pe C® in after re- C4 in 
fermented pe succinic moval of original 
per liter 100 mu acid succinate NaHCO: 
substrate ' : i 
and for- 
mate* 
mM mM per cent per cent per cent 
Citric acid, Citrobacter 
intermediumt 50.0 100.0 1.32 1.06 3.70 
Glucose, Propionibacte- 
rium pentosace um} 100.0 41.5 1.38 1.30 $18 


* The succinate was precipitated with AgNO; after removal of phosphate 
with Ba(OH),.. The formic acid was next oxidized with HgO. The residue 
was oxidized to CO, with persulfate and used in C' determination. 

+ The reaction mixture = 0.05 m sodium citrate, 0.125 m NaHCOs, 
0.075 m phosphate buffer, pH 6.3, and 2.0 per cent wet bacteria (Citrobacter 
MS8BK grown 4 days at 30° on 0.6 per cent citrate, 0.1 per cent peptone, 
0.3 per cent (NH,).SO,, 0.05 per cent K,HPO,, 0.05 per cent MgSO, 

pH 6.5)). 

t The reaction mixture = 0.1 m glucose, 0.1 Mm NaHCQs, and 3.0 per cent 

wet bacteria, Propionibacterium pentosaceum 49W (cf. Table II for growth 


of bacteria). 


doubt. In the past it has seemed probable that the propionic acid 
might be formed by removal of water from lactic acid to form 
acrylic acid which would be reduced to propionic acid. Up to 
the present time no one has been successful in demonstrating the 
reduction of acrylic acid by propionic acid bacteria. It now seems 
likely that propionic acid may not be formed in this way but, 
instead, through an unexpected mechanism of union of 3-carbon 
and l-carbon compounds with subsequent cleavage to form the 


3-carbon compound. 
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The results of two fermentations, in which only a partial frac- 
tionation of the products was made, are given in Table III. The 
succinic acid was isolated and analyzed for C and the remainder 
of the products, with formic acid removed, was analyzed in toto. 
The fermentation of citric acid by Citrobacter occurred with fixa- 
tion of carbon dioxide only in the succinate (1.32 per cent C™) just 
as in the galactose fermentation by Escherichia coli. Brewer and 
Werkman (3, 4) have proposed a scheme of succinate formation 
from citrate by Citrobacter involving initial cleavage of citrate to 
oxalacetate and acetate with subsequent reduction of the oxalace- 
tate to succinate. Apparently this scheme will have to be 
extended to include carbon dioxide fixation with formation of 
succinate. 

The fact that 100 mm of succinate are formed from 100 mm of 
citrate under the condition of this experiment is of interest. This 
relationship has been observed in a number of unpublished 
experiments. 

The fermentation of glucose by propionic acid bacteria was 
accompanied by fixation of CO, in the succinate and other 
products just as in the fermentation of glycerol (Table III). 
These results offer the first direct proof that carbon dioxide is 
fixed in the fermentation of glucose, although Wood and Werk- 
man (18) have previously offered indirect evidence. 


SUMMARY 


Wood and Werkman established carbon dioxide assimilation by 
heterotrophic bacteria in 1935; our knowledge of this general phe- 
nomenon has been extended in the present communication by 
the use of C™ as a tracer. Carbon dioxide fixed in the fermenta- 
tion of galactose, pyruvic acid, and citric acid by colt bacteria, 
occurs solely in the succinic and formic acids; in the fermentation 
of glycerol and glucose by Propionibacterium, the fixed carbon 
dioxide is in the succinic acid, propionic acid, and propyl alcohol. 
The data obtained by determination of the fixed C™ are in agree- 
ment with the suggestion that succinic acid is formed by union of a 
3-carbon compound and carbon dioxide and the propionic acid 
by decarboxylation of a symmetrical dicarboxylic acid containing 
fixed carbon dioxide in only one carboxyl group. According to 
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this concept all the carbon dioxide is fixed originally by union of 
3-carbon and l-carbon compounds. 


16. 
17. 
18. 
19. 


2. Woods, D. D., Biochem. J., 30, 515 (1936). 
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Wood and Werkman (9, 11) and Wood et al. (12) have presented 
evidence that succinic acid is formed in fermentations by hetero- 
trophic bacteria through union of carbon dioxide and a 3-carbon 
compound formed from the substrate. They have suggested the 
following reactions for the synthesis, 


C80, + HCH,-CO-COOH = C¥O0OH-CH,-CO-COOH 
C8O0H-CH,:-CO-COOH + 4H = C"OOH-CH,-CH,-COOH + H,0 


A requirement of this scheme is that the fixed carbon be located 
exclusively in the carboxyl groups of the succinic acid. In the 
present report, through use of labeled carbon (C™) proof is pro- 
vided that this is the location of the fixed carbon. These results, 
therefore, confirm the validity of the above reactions for succinic 
acid formation. 

The 4-carbon dicarboxylic acids are key compounds in hydrogen 
transfer (7), the Krebs’ cycle (3), and nitrogen fixation (8). An 
explanation of the mechanism of the formation of these acids is, 
therefore, of fundamental importance. 


EXPERIMENTAL 


Two different methods have been used for the decarboxylation 
of biologically formed succinic acid containing C" from fixed 


* Journal Paper No. J-834 of the Iowa Agricultural Experiment Station, 
Project 572. 

The authors wish to acknowledge grants from the Rockefeller Founda- 
tion and Dazian Foundation for Medical Research. 
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C#O,. The first involves the enzymic conversion of the succinate 
to malate followed by permanganate oxidation to carbon dioxide 
and acetaldehyde. 

succinic dehydrogenase 


COOH-CH,-CH,-COOH — oH 9 





fumarase 
COOH-CH:CH-COOH ———— COOH-CH,-CHOH-COOH 








KMnO 
COOH -CH;-CHOH-COOH — —— [COOH-CH,-CHO} + CO, + H,0 


CO, + CH;-CHO 


It is apparent that 2 carbon dioxide molecules are formed from 
the carboxyl groups and acetaldehyde from the methylene groups 
of succinic acid. By determination of the C“ content of the carbon 
dioxide and acetaldehyde the location of the fixed C" in succinic 
acid can be established. Actually, since an equilibrium is estab- 
lished by the fumarase, a mixture of fumarate and malate was 
oxidized. Fumarate, however, yields 2 molecules of carbon 
dioxide and only a trace of acetaldehyde. The carbon dioxide 
molecules originate from the carboxyl group and thus the presence 
of fumarate does not introduce an error. 

The second method consists in the enzymic conversion of malate, 
formed as described above, to oxalacetate and decarboxylation 
with citric acid-aniline (Ostern (6)). 


malic 


COOH-CH,:-CHOH-COOH ————— COOH - CH, CO-COOH + 2H 
dehydrogenase 
H 
' ma citric 
COOH-CH;-CO-COOH + HNC,H, =a 
ci 
H 


[(COOH-CH;-CO-CO-NC,H;] + H.O 
| 
H 
CO, + CH,CO-CO-NC,H; 


The carbon dioxide originates from one of the carboxyl groups of 
succinic acid. Determination of the C™ in the carbon dioxide, 
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therefore, provides a measure of the fixed carbon in the carboxyl 
group. 

The succinic dehydrogenase-fumarase mixture was prepared as 
described by Krebs (2). The biological succinate was from the 
fermentations described by Wood et al. (12) (Tables I and II). 
The succinic acid was extracted with ether after acid permanganate 
oxidation to remove lactate and other oxidizable compounds. The 
extract was steam-distilled to remove volatile acids. Enzymic 
conversion was carried out in 125 ml. flasks on a Warburg respir- 
ometer at 30°. The 30 ml. of reaction mixture contained 20 ml. 
of enzyme, 0.033 mM succinate and 0.125 m phosphate buffer at 
pH 7.3. The mixture was incubated for 4.5 hours. It was then 
centrifuged and part was oxidized with permanganate (Friedemann 
and Kendall (1)) and the remainder was converted to oxalacetate. 

The aldehyde from the permanganate oxidation was caught in 
a bisulfite tower which was connected to a tower containing one- 
half saturated potassium permanganate to absorb sulfur dioxide 
from the sulfite and this tower in turn was connected to an alkali 
tower to collect the carbon dioxide. The aldehyde was recovered 
by distilling a mixture of the bisulfite complex and calcium car- 
bonate. Calcium carbonate breaks up the sulfite aldehyde addi- 
tion compound. Dissolved carbon dioxide was removed from the 
aldehyde solution by precipitation as the carbonate with barium 
hydroxide. 

The malic dehydrogenase was prepared from Micrococcus lyso- 
deikticus.: The bacteria were washed three times with cold ace- 
tone (4°), dried, and then washed six times with 50 volumes of 0.1 mM 
phosphate buffer, pH 8.0. The centrifuged bacteria were then 
dried on a porous plate. This preparation oxidizes malate and 
fumarate but not succinate. Oxalacetate is oxidized slowly or 
not at all. The ability to oxidize oxalacetate is recovered, how- 
ever, after extended incubation. Therefore, in converting malate 
to oxalacetate, the reaction was stopped when the carbon dioxide 
evolution approached 60 per cent of the oxygen uptake. The 
30 ml. of reaction mixture contained 20 ml. of the centrifuged 
fumarate and malate mixture, obtained as described above, and 
300 mg. of the bacterial preparation. The reaction time was 


‘Thanks are expressed to L. O. Krampitz for the preparation of this 


enzyme. 
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1.5 hours at 30°. The mixture was cooled immediately, acidified 
with citric acid, and aerated vigorously for 10 minutes to remove 
bound carbon dioxide. The citric acid-aniline was then added 
and the carbon dioxide formed from the oxalacetic acid was col- 
lected in alkali. 

The acetaldehyde and succinic acid were converted to carbon 
dioxide by persulfate oxidation (5) for use in the mass spectrometer 
determination (4). 

Data obtained by both methods of decarboxylating succinic 
acid are shown in Table I. The succinic acid was obtained from 
the fermentations of galactose and from pyruvate by Escherichia 


TABLE I 
Distribution of Fixed Carbon in Succinic Acid 


CH: carbon COOH carbon 
| Cin Calcu- 
succinic C®% in . . C% in CO: lated* C¥in 
. . . - C% in ( Os » etndn . 
acid CH:CHO by KMnO, by citric COOH 


by KMnO, acid-aniline 


oxidation oxidation method 
per cent per cent per cent per cent per cent 
Escherichia coli, galactose| 1.46 1.13 1.88 1.84 1.83 
’ . . . | an e 
Escherichia coli, pyruvate} 1.24 1.11 1.38 1.39 
1.47 


Propionibacterium pento-| 1.28 1.10 1.46 1.38 
saceum, glycerol 


* The following equation was used in the calculation: 2X + 2 X 1.09 = 
4 X per cent C™ in succinic acid; X = per cent C" in the carboxyl group 
coli, and from glycerol by Propionibacterium pentosaceum. In 
interpretation of the results it should be remembered that all 
natural carbon contains about 1.09 per cent C’ and that the varma- 
tion in the mass spectrograph analysis of C™ is about +0.02. The 
values in the first column of Table I show that the succinic acid 
contained fixed C“’ which was derived from the labeled carbon 
dioxide. The methylene carbon groups of the succinic acid ob- 
tained as the degradation product acetaldehyde, contained the 
natural complement of C™; therefore, there was no fixed carbon 
present in these positions. The carbon dioxide produced from 
the carboxyl carbon by both methods of decarboxylation contained 
C® in concentration well above the normal. It is, thus, evident 
that the fixed carbon is exclusively in the carboxyl groups of the 
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succinic acid. There is good agreement between the calculated 
values for the carboxyl carbon, which were estimated on the basis 
that all the fixed carbon is in the carboxyl group, and the experi- 
mental values. 

It is not possible to prove by degradation of a symmetrical 
dicarboxylic acid that the fixed C™ is in only one of the carboxyl 
groups. ‘This would be the case if the acid were formed according 
to our proposals from pyruvic acid and carbon dioxide. However, 
proof that the fixed carbon is limited to the carboxyl groups does 
offer considerable evidence of the validity of the proposed reac- 
tion, particularly because the quantitative results of Wood et al. 
(12) indicate that only one fixed carbon atom is in the succinic acid 
molecule. The fact that Escherichia coli forms succinic acid from 
pyruvic acid with fixation of carbon dioxide in the carboxyl groups 
lends weight to the suggested (9, 10) intermediary réle of pyruvic 
acid in carbon dioxide assimilation. 


SUMMARY 


Proof has been obtained by degradation of succinic acid syn- 
thesized by bacteria that the fixed carbon dioxide, which has been 
labeled with C™, is exclusively in the carboxyl groups of the acid. 
This observation is in agreement with the authors’ proposal that 
carbon dioxide is fixed by union with pyruvic acid. 
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STUDIES ON THE CHEMISTRY OF BLOOD 
COAGULATION 


xl. AN ELECTROPHORETIC STUDY OF THE EFFECT OF ANTI- 
COAGULANTS ON HUMAN PLASMA PROTEINS, WITH REMARKS 
ON THE SEPARATION OF THE HEPARIN COMPLEMENT* 
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(From the Departments of Biochemistry and Surgery, and the Electrophoresis 
Laboratory, College of Physicians and Surgeons, 

Columbia University, New York) 
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The manner in which the easily demonstrable anticoagulant 
effect of heparin on biood is brought about has been a matter of 
much conjecture. It is known that the heparin action is mediated 
through a factor, the heparin complement, which is present in the 
serum albumin fraction but is not identical with the crystalline 
albumin (1-3). Heparin requires this complement in order to 
prevent the clotting of fibrinogen by thrombin. The same 
heparin-protein system or a very similar one is responsible for the 
inhibition by heparin of the conversion of prothrombin to thrombin 
under the influence of the thromboplastic factor (4). Heparin has 
also been shown to have a disruptive action on the thromboplastic 
lipoprotein from lungs; it displaces the phosphatides contained in 
it, forming a heparin-protein complex which exhibits anticoagulant 
activity (5). 

The high content of sulfuric acid groups confers on heparin a 
strong electronegative charge. This property together with its 
high molecular weight probably is responsible for certain reactions 
of heparin described in the literature; viz., the displacement of 
the flocculation point of proteins (6, 7), the inhibition of the action 
of fumarase (8), and the “neutralization” of the hemolytic com- 
plement (9). 

* This work has been supported by a grant from the John and Mary R. 


Markle Foundation. 
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The remarkable properties of heparin made it appear of interest 
to study its influence on the electrophoretic behavior of plasma 
proteins. For reasons which will be discussed later in this paper, 
the following compounds were likewise examined: chondroitin- 
sulfuric acid, cellulose disulfuric acid, germanin (Bayer 205), 
benzenesulfonic acid. The method of Tiselius (10) offers a valu- 
able tool for the investigation under physiological conditions of 
the manner in which anticoagulants are transported in the blood 
stream. It certainly will also prove of importance for the study 
of other physiologically active supstances. 


EXPERIMENTAL 


Material 


Heparin—The sodium salt of highly purified heparin was used 
in all experiments. We are indebted to Hoffmann-La Roche, Inc., 
Nutley, New Jersey, for a number of experimental preparations, 
The samples were, previous to the conversion into the sodium salt, 
precipitated as benzidine salt (Preparations 1 to 3), or crystallized 
as barium salt (Preparations 4 to 6) (compare (11)). Analytical 
data will be found in Table I. Preparation 6 was a heparin sample 
obtained from the Connaught Laboratories, Toronto, which had 
110 units per mg., according to the definition given by Best (12). 
All samples were tested for anticoagulant activity (13) and found 
to have at least the same potency as Preparation 6. In a number 
of cases somewhat higher activities were observed; e.g., in Prepa- 
ration 5, which had about 130 units per mg. 

Cellulose Disulfuric Actd—This substance was used as the sodium 
salt, the preparation of which has been described previously (14). 

Chondroitinsulfuric Acid—The barium salt of this substance, 
isolated from cartilage, was kindly given us by Dr. K. Meyer of 
this College. The sodium salt used in these experiments was 
prepared by dialysis of a 1 per cent solution of the barium salt in 
water, contained in a cellophane bag, against a 10 per cent solu- 
tion of sodium sulfate for 20 hours. In this manner the barium 
sulfate could be made to flocculate completely. After centrifuga- 
tion the solution was dialyzed against distilled water. 

The other substances used were commercial preparations. 
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Methods 


The electrophoresis experiments were carried out at 1.5° in the 
apparatus described by Tiselius (10). For analysis the optical 
arrangement of Longsworth (15) was used in most experiments. 
In several cases the optical method of Philpot and Svensson 
(16) was employed. The two methods gave identical results. In 
some of the separation experiments, the experimental arrange- 
ment of which will be discussed later in this paper, the separated 


TABLE | 
Heparin Preparations 


Analysis Electrophoresis 
en | Areat 
No . . Mobil- | . 
: - , Buber pa ity* |Descend-| Ascend- 


ing side | ing side 


per cent | per cent u X 108 


l 2.2 11.3 | 0.025 m barbiturate | 7.90 | 23.5 

2 2.0 11.6 

3 2.2 12.7 | 0.02 ‘* phosphate 7.37 | 21.3 ] 1 
{ 2:0 11.9 | 0.02 * = 7.37 | 21.6 1.3 1 
5 2.3 12.0 | 0.02 ‘ 7 7.49 19.5 Bsbacd 1 
6 2.7 12.4 


* The mobilities were calculated on the basis of the descending bounda- 
ries with the exception of Preparation 1, the mobility of which was computed 
from the ascending pattern. 

+t The area is reported in arbitrary units, as measured by planimeter 
readings. The area covered by the heparin peak on the ascending side is 


taken as | in all experiments. 


components were again subjected to electrophoretic analysis. 
This was done in a micro apparatus which consisted of a tall single 
sectional cell holding 2 cc. of solution. 

The following buffer solutions were used in the experiments 
under discussion: (1) 0.02 m phosphate buffer, (2) 0.02 m phosphate 
buffer containing 0.15 m NaCl, (3) 0.025 m barbiturate buffer. 
All protein preparations were diluted with and dialyzed against 
the buffer for 2 to 6 days, until equilibrium was reached. In 
several cases the presence of heparin in the protein solutions 
rendered the establishment of a satisfactory equilibrium quite 
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difficult. The protein concentrations employed in the various 
experiments will be found later in the paper. The oxalate plasma 
samples used were diluted with 2 or 3 parts of buffer prior to 
dialysis. 

The anticoagulants examined were in most cases weighed into 
the protein solution before dialysis. Unless otherwise noted, 
they were present in 0.4 per cent concentration. 


Experiments with Heparin 


Heparin—When heparin alone was subjected to electrophoresis, 
it moved as a single component with sharp boundaries towards the 
anode. The shape and size of the peaks on the descending and 
ascending sides were fairly symmetrical. There was no indication 
of the presence of a contaminating substance migrating towards 
the cathode, as described by Wilander (17). The data obtained 
with a number of heparin preparations are included in Table I. 

Plasma—The electrophoretic pattern of a sample of normal 
human plasma is reproduced in Fig. 1.!_ The patterns resulting 
from the addition to normal plasma of heparin Preparations | 
and 5 are shown in Figs. 2 and 3 respectively. In a number of 
experiments of this type in which heparin Preparations 2 and 3 
were likewise used it was found that the presence of heparin ina 
plasma had the following effects on its electrophoretic pattern. 
On the descending side the albumin peak was considerably broad- 
ened with the appearance, in most cases, of a new component 
(designated as the C component) which migrated somewhat faster 
than the albumin. In the globulin region the main effect was the 
disappearance of the “8-globulin disturbance;” 7.e., the tall sharp 
spike which normally accompanies the 8-globulin boundary (19). 
On the ascending side the albumin peak was similarly broadened 
without the appearance of a separate new component. The 
globulins were broken up into a large number of small components. 
The mobilities of the various components in several typical ex- 
periments are given in Table II, Experiments 1, 2, 4, 5. 


1 The various fractions shown in the figures are marked with the follow- 
ing symbols: heparin = He; C component = C; albumin = A; globulins = 
Gl or a, 8, y; fibrinogen = ¢. A discussion of the nature of the anomalous 
6 and ¢ boundaries will be found in a paper by Longsworth and MacInnes 
(18). All patterns reproduced in this paper are actual photographs 
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The effect of heparin generally was more pronounced in buffers 
which did not contain sodium chloride. In the course of the ex- 
periments two heparin samples (Preparations 4 and 6 in Table I) 
were encountered which behaved somewhat differently. They 
did not produce a new component on the descending side. In- 
stead, the heparin peak preceding the albumin showed very marked 
lack of symmetry between the descending and ascending patterns: 
it was many times larger on the descending side. These findings 
will be more fully discussed later in this paper. An experiment 
of this type is given as Experiment 3 in Table II. 


TABLE II 
Effect oO} Hepa mon Electrophoreti Patte rv Oo} H dan Plasma 


Mobilitiest (u * 10 


Exper Heparin _ 
ment N« Peay * Butler pa C econ 
Heparit aananeal Albumin 
| 0.02 m phosphate + 7.40 13.9 a 1.8 
0.15 mM NaCl 
2 l + "9 7.37 13.3 9.3 tS 
} ! 7.40 14.1 1.9 
1 5 0.025 m barbiturate 7.58 17.7 11.4 5.0 
D 5 0.025 ** a 7.79 21.3 13.3 6.1 
* The numbers refer to lable I The heparin concentration used was 


0.4 pel cent 
+t The mobilities were cal ulated on the basis of the desce nding bound- 


iries 


Dialyzed Plasma—In a number of experiments human plasma 
was used which had been freed of salts by dialysis against running 
water for 2 days followed by dialysis against distilled water for 5 
hours. In this manner, a large portion of the globulins precipi- 
tated and was removed by centrifugation. The electrophoresis 
pattern of dialyzed plasma is reproduced in Fig. 4. An experi- 
ment with heparin Preparation 3 in which the production of the 
new C component on the descending side was particularly clear 
is reproduced in Fig. 5. Heparin Preparations 4 and 6 again 
failed to produce a separate new component, but the patterns 
showed the same marked dissymmetry which was mentioned in 


the preceding paragraph. A typical experiment of this type is 
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shown in Fig. 6. The electrophoretic data for a number of ex- 
periments with dialyzed plasma are summarized in Table III. 
The degree of dissymmetry between the descending and ascending 
patterns can be gathered from the comparative measurements 
of the areas covered by the various peaks, likewise indicated in 
Table IIL. 








Fic. 4. Dialyzed plasma, 0.02 m phosphate buffer (pH 7.43), after 
% minutes. Left, descending pattern; right, ascending pattern. See 
foot-note 1 for an explanation of the symbols. 

Fic. 5. Dialyzed plasma containing 0.4 per cent heparin (Preparation 
3), 0.02 m phosphate buffer (pH 7.40), after 45 minutes. Left, descending 
pattern; right, aseending pattern 

Fic. 6. Dialyzed plasma containing 0.4 per cent heparin (Preparation 
1), 0.02 m phosphate buffer (pH 7.43), after 17 minutes. Left, descending 


pattern; right, ascending pattern. 


Albumin Preparations from Plasma—Heparin is known to re- 
quire the presence of plasma albumin or of one component of the 
albumin fraction for its anticoagulant action (1-3). It was, for 
this reason, of interest to study the effect of heparin on the elee- 
trophoretic pattern of various albumin preparations. 

The patterns obtained with an albumin preparation from human 
plasma prepared by two precipitations at 75 per cent saturation 
with ammonium sulfate are shown in Fig. 7 (in absence of heparin) 
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TABLE III 
Effect o} Heparin on Electrophoretic Pattern of Dialyzed Human Plasma 


Mobilitiest (u K 10) Area$ 
Exper Heparir 
ment prepara pHt Descending side Ascending side 
No tion No.* Hep- C com Albu- 
arin ponent mir Hep- © com Albu Hep Albu 
ari ponent mit arr min 
I 7.43 | 14.0) 8.3 5.8 1.2) 3.4 3.7 I 6.6 
2 3 7.40 | 14.2 | 7.4 1.7 3.1 1.9 2.2 I 1.3 
} 3 7.42 | 18.2) 9.9 | 6.0 3.2 | 2.6 1.7 | 5.9 
1 1 7.43 14.8 5.8 22.6 33.6 l 35.8 
5) 6 7.28 | 19.7 7.3 1.3 1.3 l 1.2 
lhe numbers refer to Table I. The heparin concentration used was 


0.4 per cent 

t In all experiments 0.02 M phosphate buffer was used 

T The mobilities were calculated on the basis of the desee nding bound- 
aries 

§ The area is reported in arbitrary units, as measured by planimeter 
readings The area covered by the heparin peak on the ascending side is 
taken as | in all experiments 


> 
> 








Fig. 7 Fic. 8 
Fic. 7. Albumin, precipitated at 75 per cent ammonium sulfate satura- 
tion, 0.025 M barbiturate buffer (pH 7.78), after 30 minutes. Left, descend- 
ing pattern; right, ascending pattern. See foot-note 1 for an explanation 
of the symbols 

Fig. 8. Albumin, precipitated at 75 per cent ammonium sulfate satura- 
tion, containing 0.4 per cent heparin (Preparation 1), 0.025 m barbiturate 
buffer (pH 7.76), after 90 minutes Left, descending pattern; right iscend- 


ing pattern 
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and in Fig. 8 (in presence of heparin). It can be seen that albumin 
prepared in this manner contains a small amount of globulin. 
The details of this experiment are given as Experiment 1 in Table 
IV. Fig. 8 clearly shows the new C component created by the 


TABLE IV 
Effect of Heparin on Electrophoretic Pattern of Albumin Preparations 
from Human Plasma 


| Mobilitiest (uX<105)| 


compo- 


With heparin 





ra = 
5 Albumin* e = Buffer | (s 
- | 5 | 2) [E 
S e/a i 
= 5 , alia 6 |« | 2 
E ic|s =|8/] & |S lbw 
c o|& aa s |8lse 
4 ie/a >'8/6|2186 
” 3 © < © © ;};#2£2 fee 
w oO} m 4i\mz|/ol<ie 
~ | ae em 
per | | | | per 
cent| | oe 
| 
1 | 75% 2.3) 1 | 0.025 m barbit- 7.77\6.1| 20) 9.2/5.5) 36 
urate | | 


2 | Albumin (Howe) /|1.1| 1 | 0.02 m phosphate |7.41/4 9) 15} 7.1/4.4) 27 
+ 0.15 m NaCl 
78| | 18)10.916.: 


3 ™ " 1.7; 1 0.06 ™m phosphate /7 3| 

{ 23 2.1) 4 | 0.02 “ Pe 7.46 18| 6.9) 

5 | Crystalline albu- {1.2} 1 | 0.02 “ 7 7.34/5.3) 16)10.4/5.2) 15 
min + 0.15 Mm NaCl 

6 - . 1.0) 1 ’ " 7.4 14) 8 9/4 3 


*75 per cent represents the plasma fraction insoluble at this ammonium 
sulfate concentration. The erystalline albumin from human plasma was a 
preparation of Dr. F. E. Kendall. 

+t The numbers refer to Table I. 

t The mobilities were calculated on the basis of the descending bound- 
aries 

§ The relative area of the C component is given as per cent of the total 
area covered by the albumin and C components, as measured by planimeter 


readings 


addition of heparin moving faster than the albumin boundary. 
In experiments in which isolated albumin preparations were used 
it was generally observed that the C component was more clearly 
discernible on the descending than on the ascending side which 
usually showed only a broadening of the albumin peak. 
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Similar results were obtained with albumin prepared from 
human plasma by the method of Howe (20). The types of pattern 
observed are shown in Fig. 9 (in absence of heparin) and in Fig. 10 
in presence of heparin). The presence of a small amount of 
globulin (mobility 2.9 at pH 7.8) in the albumin preparation is 
evident from Fig. 9. Details of such experiments are given in 
Table IV, Experiments 2 and 3. Heparin Preparation 4 again 
failed to produce the C component, but the heparin peak appear- 
ing on the descending side was many times larger than that on 
the ascending side, as was mentioned before (Experiment 4 in 
Table IV). 

It has been demonstrated in this laboratory (21) that the anti- 
coagulant action of heparin both in vivo and in vitro is destroyed 
by the basic protamine salmine. It was of interest to ascertain 
whether the effect of heparin on plasma albumin was equally re- 
versible. Heparin (Preparation 1) in a concentration of 0.4 per 
cent was added to a 1.1 per cent solution of an albumin prepara- 
tion obtained according to Howe (20), as mentioned in the pre- 
ceding paragraph. The addition of 50 mg. of salmine sulfate to 
15 ec. of this heparin-albumin mixture produced immediate pre- 
cipitation of the salt between heparin and salmine which was 
removed by centrifugation after dialysis of the mixture against 
several changes of 0.02 Mm phosphate buffer of pH 7.28 (containing 
0.15 m sodium chloride) for 2 days. The electrophoretic pattern 

Fig. 11) showed no evidence of a new component faster than the 
albumin boundary (mobility 5.0). 

Samples of crystalline albumin from human plasma, prepared 
by Dr. F. E. Kendall of the Research Division for Chronic Dis- 
eases, Welfare Island, New York, were likewise examined (com- 


pare (22)). This substance, as was recently shown (3), does not 
complement the inhibiting effect of heparin on the clotting of 
fibrinogen by thrombin. The crystalline albumin was electro- 


phoretically completely homogeneous. Heparin created a small 
component on the descending side migrating more rapidly than 
the main albumin spike. The pattern obtained is reproduced in 
Fig. 12. Other details will be found in Table IV, Experiments 5 
and 6, 

Globulin—A control run with an isolated globulin preparation 
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appeared of interest. A highly purified globulin fraction from 
human serum (designated Antigen 1) was kindly placed at our 
disposal by Dr. F. E. Kendall. This protein migrated as a single 
component with the mobility of a y-globulin. A 0.6 per cent solu- 
tion in 0.02 m phosphate buffer of pH 7.38 gave a mobility of 1.0. 
The same preparation in the presence of 0.4 per cent heparin 
(Preparation 1) at pH 7.41 showed the following mobilities: hep- 
arin 14.0, globulin 0.5. Heparin had no effect on the globulin 
boundary. 


é He 





Fic. 12. Crystalline albumin (Kendall) containing 0.4 per cent heparin 
Preparation l 0.02 M phosphate buffer + 0 15 M Nal | pH 7 } . after ] 
hour. Left, descending pattern; right, ascending pattern. See foot-note 1 


for an explanation of the symbols. 


Viscosity Effect—In order to exclude the possibility of a vis- 
cosity effect in the formation of the C component by heparin, a 
few viscosity measurements were carried out by means of an 
Ostwald viscosimeter. Heparin, in the concentration used in 
the electrophoresis experiments, had practically no effect on the 
viscosity of the protein solutions. Dialyzed human plasma diluted 
with 2 parts of 0.02 m phosphate buffer of pH 7.82 had a relative 
viscosity of 1.13 at 5°. The relative viscosities observed under 
identical conditions in presence of 0.4 per cent heparin (Prepara- 
tions 3 and 4) were 1.24. Similar results were obtained with the 


other protein and buffer solutions employed in this work. 
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Separation Experiments 


In a number of experiments with heparin and several albumin 
preparations obtained according to Howe (20) an electrophoretic 
separation into three fractions was performed. All experiments 
were carried out with the compensation arrangement in which a 


TABLE V 
Heparin Complement Activity of Albumin Fractions Separated by 
Electrophoresis 


Heparin complement activity 
I y 





é : Buffer pH 3 | batts ba 
é - Components | rt = =a nem 
eo. o's | 
Sie lz* lees e828 8) 8) % 
| hey 
1 | 1 (0.025mbarbit- (7.78) Fast 1.0 |—|/—|—|—|-—|-—|—| — 
urate Slow 1.0 |+ 
| Control | + 
2 1 |0.06m phosphate|7.35) Fast 0.25) —|- —|—-| -| — 
Middle (0.25) —|— —| —| —| — 
| Slow ‘(0.37 + 
| Control | ~ 
3 | 2 10.06 “ 7.37 Fast 0.52; |-—|-|-|-/- —| —| - 
Middle (0.52) |—|—|-|- —|—-| — 
Slow 0.52 —|—|\+ 
Control | |+ 
f | 4 10.02 ” 7.42) Fast 0.24 —|—|—|- —| - 
Middle (0.24) | |—|-|-|\-|4) 4 + 
Slow 0.44 —|—|+/+ 
Control + 
} * The numbers refer to Table I. 
++ = clot; + = incomplete clot; = no clot. 


counter flow opposite to the direction of the migrating proteins 
was produced by means of a clockwork and plunger. In one of 
the experiments (No. 3 in Table V) a macro cell holding 100 ce. 
was used which consisted of two tall sections each 96 mm. high with 
a cross-section of 50 X 8mm. Each channel had twice the length 
and half the width of the original separation cell as designed by 
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Tiselius (23). This reduction in channel width allows a much 
higher voltage to be impressed across the cell without disturbance 
due to heat convection. The longer sections also have the ad- 
vantage of allowing greater visibility, since the boundaries are not 
obscured by the flange plates. The separated components may 
be removed by means of a long capillary tube. 

The separated fractions (fast, middle, slow), the approximate 
distribution of which is indicated in Fig. 13, a, were examined 
for heparin complement activity by means of the clotting system 
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Fic. 13. Relative position of boundaries (a) in separation experiments 


with albumin fractions; (6) in electrophoresis of plasma containing heparin 


See foot-note 1 for an expl ination of the S\ mbols 


(human fibrinogen, human thrombin, heparin) previously de- 
As shown in the diagram, the fast and middle frac- 


scribed (3). 
component and albumin in addition to 


tions contained the C 
heparin; the slow fraction comprised albumin together with what 
little globulin had been present as impurity in the original protein 
preparation. 

The experimental results are summarized in Table V. In all 
cases a 5.2 per cent albumin solution was mixed with 2 parts of 
buffer (free of sodium chloride) and dialyzed against the buffer 
until the Donnan equilibrium was established. Heparin was 
then added in a concentration of 0.4 per cent. The electrophoresis 
was carried out until proper separation had taken place. In 
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Experiments 1, 2, and 4 (Table V) 15 cc. of protein solution were 
subjected to an electric field of 8 volts per cm. in the standard cell 
for about 5 hours. Experiment 3 was carried out with 100 cc. 
of solution in the new macro cell described above for about 20 
hours at a field strength of 6.2 volts per cm. 

In Experiment 1 in which barbiturate buffer had been used, 
the separated fractions were dialyzed against tap water for 2 
days and against saline for 1 day before testing; the other solu- 
tions were tested as obtained. In each run all fractions were 
adjusted to the same nitrogen concentration. As was pointed 
out in a previous paper (3), there exists a critical relationship 
between the anticoagulant activity of heparin and the relative 
concentration of heparin complement and thrombin. For this 
reason the thrombin concentration had to be so chosen as to allow 
differentiation between the fractions tested. Very strong throm- 
bin solutions produced clots in all cases, as was to be expected. 

It will be seen in Table V that the fast and middle components 
invariably exhibited heparin complement activity, whereas the 
slow components were inactive. The clotting system consisted 
of a mixture of 0.1 cc. of human thrombin solution, 0.06 cc. of a 
0.3 per cent heparin solution, and 0.06 ec. of the protein fraction 
tested, to which 3 minutes later 0.2 ec. of human fibrinogen was 
added. The substances were all dissolved in physiological saline. 
The tests were carried out at room temperature. The following 
control experiments not incorporated in Table V were likewise 
carried out. As shown in Fig. 13, a, the fast and middle com- 
ponents, as obtained from the electrophoresis cell, necessarily 
contained a small amount of heparin in addition to the standard 
amount of heparin added in the clotting test. However, doubling 
the concentration of heparin did not change the inactivity of the 
slow components. On the other hand, the slow fractions always 
contained small amounts of globulin (7 to 9 per cent according to 
electrophoretic analysis) ; but the results remained unchanged when 
the inactive slow fractions were tested in concentrations 50 per 
cent higher than those of the active fast and middle components. 

In several cases electrophoretic patterns of the separated frac- 
tions were obtained. The slow fraction of Experiment 1 after 
being tested was dialyzed against barbiturate buffer of pH 7.78. 
Heparin was added in a concentration of 0.4 per cent, and 2 cc. 
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of this protein solution (containing 0.7 per cent albumin) were 
subjected to electrophoresis in the micro cell. The electrophoretic 
pattern showed three components with the following mobilities: 
heparin 18.8, C component 8.4, albumin 5.0. 

Both the fast and slow components obtained in Experiment 3 
were again subjected to electrophoretic analysis without added 
heparin. The electrophoresis was carried out in 0.06 M phosphate 
buffer (free of sodium chloride) at pH 7.35. The fast fraction 
(containing 0.36 per cent protein) showed a trace of the C com- 
ponent and a sharp albumin spike (mobility 5.5). The slow frac- 
tion (containing 0.50 per cent protein) only exhibited a sharp 
albumin peak (mobility 5.6). 


Experiments with Other Sulfuric Acid Esters and Sulfonic Acids 


Germanin (Bayer 205)—The anticoagulant effect of germanin 
has been known for some time (24). Electrophoresis experiments 
with plasma containing 0.3 per cent germanin produced patterns 
essentially similar to those obtained with heparin (Table VI, 
Experiment 1). A new component moved ahead of the albumin 
peak. Germanin caused the plasma to become somewhat opaque 
during the electrophoresis because of the formation of a slight 
precipitate. For this reason some of the boundaries were ob- 
scured. 

Cellulose Sulfuric Acid—The sodium salt of this compound which 
exhibits markedly anticoagulant properties (14) effected the for- 
mation of the fast C component similar to heparin and germanin 
(Table VI, Experiments 2 and 3). In these experiments, as in 
the ones with germanin, the appearance of a precipitate made 
the observation of the boundaries difficult. This was not im- 
proved by the substitution of serum for plasma. 

Chondroitinsulfuric Acid—In experiments in which human 
plasma or dialyzed plasma, containing 0.06 per cent of sodium 
chondroitinsulfate, was used, completely normal electrophoresis 
patterns were obtained. There was no indication of the formation 
of the fast C component. The mobilities of the components are 
given in Table VII, Experiments 1 and 2. 

Benzenesulfonic Acid—The sodium salt of this compound, used 
as a control substance of low molecular weight, did not influence 
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TaBLE VI 
Effect of Synthetic Anticoagulants on Electrophoretic Pattern of 
Human Plasma 


Con- Mobilities (u X 105) 
Exper- 7 em p an 
—_ t Anticoagulant ae Buffer pH por Cc dee 
_ coagu- coagu- | com- oni 
lant lant ponent 
per cent 
1 Germanin 0.3 0.02 m phosphate 7.35 | 13.3 | 11.2 | 5.2 
(Bayer 205) + 0.15 Mm NaCl 
2 (Cellulose sul- 0.4 = - 7.38 | 14.9*| 8.7*| 5.0* 


furie acid 
3 " " 0.4 0.06 m phosphate) 7.34 | 13.8 | 8.7*| 4.9 
+ 0.15 m NaCl 
The mobilities were calculated on the basis of the descending boundaries 
with the exception of the values indicated by the asterisk, which were 
derived from the ascending pattern. In Experiment 2 serum was sub- 


stituted for plasma. 
Taste VII 


Effect of Non-Anticoagulant Substances on Electrophoretic Pattern of 


Human Plasma 


Mobilities* (u X 105) 


Exper 
imet t Substance Plasma Buffer pH Sade nies Globulins Fi- 
ve stance | * brin- 
added | ™™ on Lat oe ogen 
| (Chondroi- Normal (0.02 m phos- 7.38) 13.6) 5.2 |3.8/3.00.8) 2.0 
tinsul- phate + 
furic acid 0.15M NaCl 
2 i om Dialyzed (0.02 m phos-'7.37, 17.3) 6.0 
phate 
3 Benzenesul- Normal 0.02 m phos- 7.36) 14.1) 4.6 |'3.4/2.4/0.8) 1.8 
fonie acid phate + 
} 0.15 Mm NaCl 


* The mobilities were caleulated on the basis of the descending bound- 


Lries 


the normal electrophoresis pattern of human plasma to which it 
had been added in a concentration of 0.4 per cent (Table VII, 


[ Experiment 3). 
| 
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DISCUSSION 


The existence of a heparin complement in the plasma albumin 
fraction (1-3) suggested the study of the electrophoretic behavior 
of plasma proteins in the presence of heparin. The results pre- 
sented in this communication show that anticoagulants of the 
heparin type react with both the plasma albumin and globulin 
fractions. Most heparin samples examined caused the appear- 
ance in plasma and isolated plasma albumin preparations of a new 
boundary (the C component) with a mobility intermediate between 
that of heparin and of albumin. ‘The globulin patterns appeared 
broken up into a large number of small components. 

In the course of this work it was repeatedly noticed that two 
heparin samples (Preparations 4 and 6 in Table I) failed to 
produce the new component. It was, however, observed that 
experiments with these heparin preparations yielded highly asym- 
metric electrophoresis patterns: the heparin peaks on the descend- 
ing side, 7.e. on the side which in the presence of the other heparin 
samples showed the C component, were many times larger than 
on the ascending side. No cogent reason for this anomalous 
behavior can be given at present. 

A consideration of the influence of heparin on the electrophoresis 
pattern of plasma albumin will have to start from the fact that 
heparin, in order to prevent the clotting of fibrinogen by throm- 
bin, requires the presence of albumin. It is important to decide 
whether this heparin complement is identical with, or contained 
in, the C component here described. Apart from indirect evidence 
for this identity, e.g. the inability of substances devoid of anti- 
coagulant activity to produce the new component, more con- 
clusive proof is afforded by the separation experiments reported 
in this paper. In these experiments the contents of the cell after 
prolonged electrophoresis were divided into three parts, the fast, 
middle, and slow components (compare Fig. 13, a). When tested 
in the presence of added heparin for heparin complement activity 
under strictly comparable conditions, the fast and middle fractions 
were very markedly active, while the slow fraction was inactive. 

This finding perhaps has some bearing on the question of the 
homogeneity of plasma albumin. It apparently indicates that 
the electrophoretically homogeneous albumin is not so in other 
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respects.2- The heparin complement, although not different from 
albumin in electrophoretic mobility in the absence of heparin, 
obviously is a specific component of the albumin fraction. This, 
of course, does not mean that the appearance under the influence 
of heparin of a component intermediate in mobility between 
albumin and heparin in itself implies the formation of the physio- 
logical anticoagulant complex. The natural clotting inhibitor 
presumably is an albumin compound in which heparin serves as a 
prosthetic group. But it seems that even albumin preparations 
which do not support the anticoagulant action of heparin may still 
be able to combine with it. The experiments with crystalline 
albumin from human serum which does not complement heparin 
(3) may serve as an example. It will be of interest to determine 
whether the heparin complement is concentrated in the mother 
liquors from the crystallization of the albumin or whether chemical 
changes in the crystalline albumin account for its inactivity as 
heparin complement. 

The reaction of heparin with the globulins observed in the 
plasma experiments probably is best brought into parallel with the 
disruptive action of heparin on the thromboplastic lipoprotein 
from lungs previously reported from this laboratory (5). This 
reaction has been shown to involve the liberation of bound lipids. 
In the present experiments the most likely point of attack is the 
extremely labile §-globulin fraction which is known to carry the 
plasma lipids with it (19, 23, 26, 27). A globulin fraction moving 
with the mobility of y-globulin was not attacked by heparin. 

The C component, as was pointed out before, in all probability 
is a compound between heparin and an albumin component. 
This complex is dissociable, as shown (a) by the larger relative ares 
covered by the peak of the C component in buffers free of sodium 
chloride than in those containing it;* (b) by the lack of symmetry 
between the electrophoresis patterns obtained on the descending 
and ascending sides; (c) by the disappearance of the C component 


2 At alow pH (pH 4.0) serum albumin was found to exhibit two boundaries 
in the electrophoresis apparatus (25). 

For the effect of salt concentration on the formation of complexes 
between proteins and nucleic acid and of antigen-antibody precipitates 
compare the data of Hammarsten and Hammarsten (28) and Heidelberger 


et al. (29). 
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from plasma which had been freed of previously added heparin 
by means of salmine. The latter finding shows in a particularly 
convincing manner that the reaction between heparin and al- 
bumin is reversible. 

The dissociation of the C component must proceed at a finite 
rate, since otherwise no separate moving boundary could have been 
observed. The type of binding (polar or non-polar) that might 
occur between heparin and albumin is at present entirely a matter 
of conjecture. The experiments were carried out at a pH well 
above the isoelectric point of albumin. 

The lack of symmetry between the patterns observed for the 
descending and ascending boundaries is very marked.‘ Fig. 13, 
b gives a schematic illustration of the position of the various bound- 
aries in plasma containing heparin. The globulin boundaries are 
in contact with heparin on the ascending side only, and that is 
where the reaction between plasma globulins and heparin was 
noticed. The boundaries of the C component were much more 
clearly discernible on the descending than on the ascending side. 
An exact treatment of the reactions occurring in an electric field 


in a system of the type 
C = 2 heparin + y albumin 


appears hazardous and will not be attempted here. (n inspection 
of Fig. 13, 6 will make it clear that the boundary of the C com- 
ponent has no contact with heparin on the descending side and no 
contact with albumin on the ascending side. It is understandable 
that the amounts of heparin and protein available for combination, 
provided they combine stoichiometrically to form the C com- 
ponent, will be of influence on its degree of stability on the descend- 
ing and ascending sides during electrophoresis 

The synthetic anticoagulants known so far have at most about 
6 per cent of the anticoagulant potency of pure heparin. With 
the exception of the agents which act by removing calcium from the 
clotting system they are all polysulfuric or polysulfonic acids. 
It is probable that some of the acidic groups of the anticoagulant 


‘The experiments presented in this paper involve the interaction be- 
tween an acidic polysaccharide and a protein. A discussion of abnormal 
pattern asymmetries as indication of protein-protein interaction will be 


found in the paper by Longsworth et al. (30). 
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molecule serve to arrange albumin molecules around it. It can- 
not yet be decided whether a certain steric arrangement of the 
sulfuric acid groups in the anticoagulant is decisive for the degree 
of its potency. 

The results obtained with germanin (Bayer 205) were of in- 
terest, since they showed that this drug, which is known to be 
retained in the body for a long time, migrates, at least in part, 
with the albumin fraction. In this connection reference should 
be made to the work of Boursnell and Wormall (32) which by 
means of salting-out experiments demonstrated the combination 


of germanin with plasma proteins. 


The authors wish to express their appreciation to Dr. L. G. 
Longsworth of The Rockefeller Institute for Medical Research for 
helpful discussion of the experimental results, to Dr. F. E. Kendall 
of the Research Division for Chronic Diseases, Welfare Island, 
New York, for specimens of crystalline albumin from human 
serum, and to Miss Joan Korach and Miss Sheila Goldsmith for 
technical assistance. They are indebted to Hoffmann-La Roche, 
Inc., Nutley, New Jersey, for a number of heparin preparations. 


SUMMARY 


The electrophoresis patterns resulting from the addition of 
heparin and other anticoagulants to human plasma, dialyzed 
plasma, and various albumin preparations from human plasma 
were studied. Most heparin samples examined and synthetic 
anticoagulants (cellulose sulfuric acid, germanin) caused the ap- 
pearance of a new electrophoretic component (the C component) 
which migrated with a mobility intermediate between that of 
heparin and albumin. There was also evidence for a reaction 
between heparin and the plasma globulins. Substances devoid of 
anticoagulant activity, like chondroitinsulfuric acid and benzene- 
sulfonic acid, failed to change the normal electrophoresis pattern 
of plasma. 

The natural clotting inhibitor is considered as a complex be- 


‘In ultracentrifuge experiments von Mutzenbecher (31) found no in- 
crease of the molecular weight of serum albumin in the presence of heparin. 
It would be of interest to repeat these experiments with a highly purified 


heparin preparation. 
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tween heparin and a component of the plasma albumin fraction, 
the heparin complement. By means of electrophoretic separation 
experiments in which plasma albumin preparations were, in the 
presence of heparin, divided into three fractions, it could be shown 
that the fast and middle albumin fractions in contrast to the slow 
fraction contained the heparin complement. Some of the the- 
oretical implications of these findings are discussed. 
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The working hypothesis of Brand and his associates (1) for the 
conversion of methionine to cysteine was based upon experiments 
in which S-carboxymethyleysteine was administered orally to 
both normal and cystinuric humans. They suggested that thio- 
glycolic acid was first formed from S-carboxymethyleysteine and 
that this thiol derivative reacted with cysteine to form a mixed 
disulfide which was excreted in the urine. The existence of such 
a complex was postulated on the basis of the partition of urinary 
sulfur and on various color reactions of the urine, before and after 
reduction with zine and hydrochloric acid. Isolation of the com- 
plex was not accomplished. They believed that part of the S-car- 
boxymethyleysteine was excreted unchanged, part was oxidized 
and its sulfur excreted as inorganic sulfate, and part excreted as 
an intermediate which contained sulfur in a disulfide linkage; 
?.e., the mixed disulfide of cysteine and thioglycolic acid. 

In view of the importance of these observations, we have investi- 
gated the problem further with a different species, the rabbit, 
which has been used commonly in studies of sulfur metabolism. 
It has been possible also to observe the results obtained after 
parenteral administration of the compound. As has been pointed 
out (2-4), possible changes by the action of the intestinal micro- 
flora must be considered when the sulfur compounds are adminis- 
tered orally. This makes it highly desirable to study the results 
of parenteral administration in which the possibility of such 
secondary changes is ruled out. 

S-Carboxymethyleysteine has been prepared (5, 6) by the reac- 
tion of cysteine hydrochloride with the monohalogen derivatives 

407 
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of acetic acid. A more direct synthesis, which does not require 
the use of cysteine hydrochloride, difficult to obtain in a pure 
state, was accomplished by the action of sodium in liquid ammonia 
on cystine, followed by condensation with monochloroacetic acid. 
After the reduction of the cystine, carried out as described by du 
Vigneaud, Audenrieth, and Loring (7), slightly more than than 
the theoretical amount of redistilled monochloroacetic acid was 
added slowly and after the reaction was completed the ammonia 
was allowed to evaporate at room temperature. The further 
treatment of the residue was as described by Michaelis and Schu- 
bert (6). A yield of approximately 55 per cent was obtained. 

The recrystallized compound contained 7.78 per cent nitrogen 
and 17.75 per cent sulfur (theoretical, 7.83 and 17.88 per cent 
respectively), and melted at 191-192° (corrected). A sample of 
S-carboxymethyleysteine prepared by Dr. Erwin Brand! also 
melted at 191-192°. This is somewhat higher than the melting 
points previously recorded by Michaelis and Schubert (6) and 
Dickens? (5). 

Male rabbits of 2 to 4 kilos in weight, maintained on constant 
weighed diets of a commercial rabbit chow and cabbage, were 
used as subjects, the general conduct of the experiments being 
uniform with that of previous similar experiments in this labora- 
tory as were the methods of analysis (8). Ether-soluble sulfur 
was determined as the total sulfur extractable from the acidified 
urine by ether in an extraction apparatus of the type used by 
Griffith (9). The urine was made acid to litmus with hydrochloric 
acid. 1 cc. of a 2 per cent solution of sodium tungstate was added 
to prevent emulsification during the extraction. Disulfide linkages 
were determined by the method of Shinohara and Padis (10) and 
of Folin and Marenzi as modified by Rimington (11). 

The distribution of the extra sulfur in the urine following ad- 
ministration of S-carboxymethylcysteine is summarized in Table I. 
A slight oxidation of the sulfur of the compound to sulfate after 


1 We wish to express our indebtedness to Dr. Erwin Brand of Columbia 
University who generously placed at our disposal the S-carboxymethyl- 
cysteine used in our preliminary experiments. 

2 Dickens (5) first reported a low melting point of 84° which was later 
corrected to 184°. Michaelis and Schubert were apparently not aware of 


this correction. 
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feeding is suggested in certain experiments, but the amount of 
oxidation is slight and no oxidation as evidenced by changes in 
the sulfate sulfur occurred after subcutaneous injection. Brand 
and his associates (1) have reported excretions of extra sulfate 


TABLE I 
Distribution of Extra Sulfur Excreted in Urine by Rabbit in 24 Hour Period 
Immediately Following Administration of S-Carborymethylcysteine 
The cysteine derivative was administered in amounts equivalent to 
400 mg. of sulfur. Extra sulfur values are expressed as per cent of the total 
sulfur administered. All experiments bearing the same letter were carried 
out with the same animal. 

















| Extra sulfur 
= odeinanten 
7 m Total ad R 4 Organic 

A-l Oral | 94 | 11 83 

A-3 = 93 | 17 76 

A-2 Sube utaneous | 77 | 0 77 

A-4 | 76 | 1 

B-1 | Oral 65 —5 70 

B3 | « mm oa ~ aa 65 

B-2 Subcutaneous 60 0 60 
B44 “ .  @hed 7 71 

C8 | Oral* | 64 14 50 (26)t 
C-4 Subcutaneous* | S6 —3 89 (12)t 
C-8 Oral (17)t 
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* In Experiments C-3 and C-4, the “‘cystine’’ contents as determined 
by the method of Shinohara and Padis (10) were 35 and 2 mg. respectively. 
In these experiments, the ether-soluble sulfur was also determined after 
trea, .ent with zine and hydrochloric acid. The absolute values of ether- 
soluble sulfur were 111 and 106, 55 and 53, and 73 and 73 mg. before and 
after reduction in Experiments C-3, C-4, and C-8 respectively. 

t The values in parentheses indicate the percentage of the sulfur 
administered which was excreted as ether-soluble sulfur. This is pre- 
sumably included in the organic sulfur fraction of the urine. 


sulfur corresponding to 40 and 15 per cent respectively when the 
compound was fed to a normal and a cystinuric man. These 
results are calculated as the percentages of total extra sulfur ex- 
creted and not as the percentages of the sulfur fed as S-car- 
boxymethyleysteine. Since the total extra sulfur excretion is not 
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given, it is not possible to compare these results directly with 
our own. 

When S-carboxymethyleysteine was fed, a positive cyanide- 
nitroprusside test for disulfide linkages was readily obtained in 
the urine excreted, and, as shown in Experiment C-3 (Table I), 
there was present an appreciable amount of disulfide as determined 
by the method of Shinohara and Padis. S-Carboxymethyleysteine 
itself neither gave a positive cyanide-nitroprusside test nor reacted 
in the Shinohara-Padis method. When the cysteine derivative 
was injected subcutaneously, no positive cyanide-nitroprusside 
test was given by the urine nor was there an appreciable amount 
of disulfide present as determined quantitatively (Experiment C-4, 
Table I). Similarly in two experiments not recorded in Table I, 
no “extra’’ cystine (disulfide linkages) was present in the urine 
as determined by the method of Rimington after either oral or 
subcutaneous administration of S-carboxymethyleysteine. 

Brand (1) reported that no ether-soluble sulfur was present in 
the urine excreted after the feeding of S-carboxymethyleysteine 
to men, but that after the urine was reduced with zine and hydro- 
chloric acid, an ether-soluble fraction was obtained which reacted 
positively with cyanide and nitroprusside and gave the color 
reaction described by Goddard and Michaelis (12) for thioglycolic 
acid. In our experiments (Nos. C-3, C-4, and C-8, Table I) extra 
ether-soluble sulfur was present in considerable amounts in the 
urine before reduction, and the amounts were not increased after 
reduction with zine and hydrochloric acid. No thioglycolic acid 
test could be obtained. The urines excreted after feeding gave an 
ether extract which had a strongly positive reaction in the cy- 
anide-nitroprusside test but no similar test could be obtained in 
the ether extracts of the urine after subcutaneous injection. The 
ether extract from urines after S-carboxymethylcysteine feeding 
also contained a substance which gave a cuprous mercaptide pre- 
cipitate after reduction (13). It is thus evident that we have been 
unable to demonstrate the presence of thioglycolic acid or a com- 
plex yielding thioglycolic acid after reduction in the urine excreted 
after either oral or subcutaneous administration of S-carbox- 
ymethyleysteine to rabbits. Brand’s hypothesis of the excretion 
of a mixed disulfide of thioglycolic acid and cysteine was based 
largely upon positive tests for thioglycolic acid in similar feeding 
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experiments with man. Our feeding experiments with rabbits 
indicated the presence in the urine of a disulfide linkage, but we 
were unable to show that thioglycolic acid was a component of 
the disulfide derivative. Since the sulfur of thioglycolic acid is 
readily oxidized to sulfate by the rabbit (14), it seemed improbable 
that if, as suggested by Brand, thioglycolic acid were split off from 
the molecule of S-carboxymethylceysteine, its sulfur would escape 
oxidation to any great extent. 

In view of Stekol’s finding that S-benzylcysteine was acetylated 
before excretion by the organism of various species (15), Tarver 
and Schmidt (16) have suggested that S-carboxymethylcysteine 
might similarly be excreted as the acetyl derivative. An attempt 
was made to demonstrate the presence of acetyl groups (17) in the 
ether extract of the urines. If acetylated derivatives of the sulfur- 
containing amino acids are present, the ratio of acetyl groups to 
sulfur of the ether extract should be 1.34. In order to test this 
procedure, a rabbit was fed 1 gm. of monobromobenzene, the 24 
hour urine was collected, acidified, extracted with ether, and the 
extract was analyzed. The administration of monobromobenzene 
is known to lead to the excretion of bromophenylmercapturic acid, 
an acetylated derivative of cysteine. The ratio of acetyl groups 
to sulfur was 1.53. Since the experimental error of the Clark 
method is considerable, this was considered satisfactory and it was 
concluded that in this way acetylated sulfur-containing compounds 
could be detected, if present in significant amounts. When this 
procedure was applied to urine excreted by rabbits fed S-carboxy- 
methyleysteine, the acetyl to sulfur ratio was approximately 0.092, 
indicating no more acetyl groups than are present in normal rabbit 
urine similarly extracted and within the limits of error of the pro- 


cedure. 
SUMMARY 


1. Studies of the urinary partition of sulfur failed to show oxida- 
tion to sulfate of the sulfur of S-carboxymethyleysteine by the 
organism of the rabbit when the compound was injected subcuta- 
neously. A slight increase in the sulfate sulfur of the urine was 
observed after oral administration, which is believed to be related 
to the activities of the intestinal microflora. 

2. After oral administration of S-carboxymethyleysteine, a 
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substance soluble in ether, which gave a strongly positive cyanide- 
nitroprusside test for disulfide linkages, was excreted in the urine; 
no similar substance could be detected in the urine after subcu- 
taneous injection of the cysteine derivative. 

3. It was not possible to demonstrate that S-carboxymethyl- 
cysteine was acetylated to form an N-acetyl compound similar 
to the mercapturic acids. 

4. When S-carboxymethyleysteine was administered orally or 
subcutaneously to rabbits, no evidence of the excretion in the urine 
of a disulfide of whose molecule thioglycolic acid was a component 
part, as postulated by Brand (1) in similar experiments with man, 
was obtained. 
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The recent report of Medes (1) who in experiments on man 
observed an increase in conjugated sulfate sulfur and in disulfide 
compounds excreted after the oral administration of thiourea has 
led us to investigate anew the fate of this substance in the organism 
of the rabbit. Earlier unpublished studies of one of us (L.) had 
suggested that the administration of thiourea to rabbits resulted 
in slightly decreased oxidized (sulfate) sulfur excretions in the 
urine. Since, according to Medes, the disulfide compound ex- 
creted was largely cystine (the compound reacting in the specific 
naphthoquinonesulfonic acid reaction of Sullivan), it seemed 
possible that the decreased excretion of sulfate sulfur might be 
explained by a failure of oxidation and the excretion of sulfur as 
cystine or a complex derived from it, which would under normal 
conditions have appeared in the urine as sulfate sulfur. Medes 
suggested that a complex of cysteine and thiourea might be formed 
and that, after excretion in the urine, this complex might hydrolyze 
to thiourea and cysteinesulfenic acid, which in turn in in vitro 
experiments has been believed to undergo dismutation to yield 
cysteine and cysteinesulfinic acid (2). 

The experimental methods and procedures were those com- 
monly used in experimental studies of sulfur metabolism in this 
laboratory (3). Commercially available thiourea of chemically 
pure grade was recrystallized from alcohol and the recrystallized 
material was fed or injected. It melted at 178-179° (corrected) 
and contained 41.79 per cent of sulfur and 36.55 per cent of nitrogen 
(theoretical, 42.02 and 36.81 per cent respectively). The purity 
of the l-cystine and of dl-methionine was assured by analyses and, 
in the case of the cystine, by measurement of the specific rotation. 
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A condensed protocol of a typical experiment is shown in Table 
I. Both total and organic sulfur were considerably increased. It 
is to be noted, however, that the extra total sulfur is significantly 
less than the extra organic sulfur. While the extra organic sulfur 
accounted for 86 and 78 per cent of the sulfur of the thiourea ad- 
ministered in Experiments B-13 and B-14 respectively, the extra 
total sulfur values were only 65 and 63 per cent of the thiourea 
sulfur. This curious difference is explained by the decreased 
values of the oxidized (sulfate) fraction. After feeding thiourea 


TABLE I 


Typical Experiment Demonstrating the Effect of Administratic f Thiourea 


on Sulfur Partition of Urine of Rabbit 
Periods 1, 3, and 5 are the averages of normal excretions of 4 to 5 days. 
The experimental periods consisted of 2 days on each of which thiourea 
equivalent to 200 mg. of sulfur was administered. The uniform daily diet 
of cabbage was eaten completely each day, the experimental days included 


All results are average daily excretions. Rabbit B, 3.75 kilos 


Sulfur 
Period |Experiment Urea Sulfate (a) 
lo No nitrogen 
a) Total Inor- ad Organi 
Total ganic Conju- 
: (h gated 
mg. mg mg. mg. mg. mq. 
l SOS 149 101 96 5 18 8.4 
2 B-13* 778 278 60 54 6 218 14.4 
3 922 150 107 100 7 43 9.2 
| B-14T 750 27 71 66 5 04 11.4 
5 788 170 110 105 5 60 7.5 


* Oral administration. 
t Subcutaneous injection. 


(Experiment B-13), the decrease in total sulfate sulfur was 41 
per cent of the average control value and after injection (Experi- 
ment B-14), 30 per cent. It was possible that the lower values for 
oxidized sulfur were due to a depression of the general level of 
protein metabolism. That this explanation is not correct is shown 
by the excretion of urea nitrogen and the ratios of urea nitrogen 
to sulfate sulfur. There was noted some decrease in the urea of 
the urine, but the decrease in sulfate sulfur did not run parallel 
to the lowered urea excretion. The ratios of urea nitrogen to 
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inorganic sulfate sulfur ((a)/(b) in Table I) increased from an 
average value in the control periods of 8.4 to 14.4 and 11.4 respec- 
tively. If the “expected” excretion of sulfate sulfur is calculated 
by dividing the urea excreted in the experimental periods by the 
normal ratio, the decreases in total sulfate sulfur of the urine 
actually observed were 33 and 18 per cent of the expected excretion 
in the two experiments. It appears from this and similar caleula- 


TaBLeE II 
Distribution of Extra Sulfur and Decreased Oxidized Sulfur Excretion in the 
Urine of Well Fed Rabbits After the Administration of Thiourea 

In Experiments B-13, B-14, and D-4, thiourea equivalent to 200 mg. of 
sulfur was administered daily on each of 2 successive days; in other experi- 
ments the equivalent of 400 mg. of sulfur was given on a single day. 

Extra sulfur is expressed as percentage of the total sulfur administered 
and decrease in total sulfate sulfur is calculated from the average daily 
excretion of sulfate sulfur of the control periods (a) and from the expected 
excretion as calculated from the ratio of normal urea nitrogen to total 
sulfate sulfur (6) as described in the text. Experiments bearing the same 
letter were carried out with the same animal. 


ay peer eee Extra sulfur | Decrease in total sulfate sulfur Ether-soluble 
'N eT er ; sulfur 
_— Total |Organic (a) (b) | 
| | 
per cent) per cent mg. |per cent mg. pa mg. per cent 
| ~ F 
| | 
B-7 | Oral 68 | 83 66 40 48 | 33 | 270 67 
B-10 a 47 78 | 124 75 116 74 215 54 
B-13 te 65 S6 42 | 41 30 33 77 | 39 
’ Pe ~ - | . | | ge 
B-S Subcutaneous 8) 71 84 51 64 4 222 ob 
B-9 . 50 | 75 | 110 | 67 84 | 60 | 231 | 58 
B-14 “ 63 | 78 31 | 30 15 | 18 | 45 | 23 
D-4 “ 2) 83 | 64 61 | 56 | 103 | 52 


— 


tions of Table II that thiourea acted specifically in decreasing the 
excretion of oxidized sulfur. 

The points just discussed are further emphasized by the data 
of Table II in which are summarized seven of the fourteen experi- 
ments we have carried out with well fed animals. In some of the 
experiments with thiourea, a moderate toxicity was noted, mani- 
fested chiefly by a slight loss of appetite and a temporary failure 
to eat all of the rabbit chow offered; however, the cabbage was 
always consumed. The question arose as to whether the de- 
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creased sulfate sulfur excretion was related to the lessened food 
consumption. In order to check this, the animals were fed cabbage 
only, which was always consumed completely on the experimental 
days. In these experiments, three of which (Experiments B-13, 
B-14, and D-4) are summarized in Table II, the decreased excre- 
tion of oxidized sulfur was always observed. In the other 
experiments of Table II, a small part of the chow was refused, but 
the results are not significantly different. 

Experiments, as yet unpublished, have shown that, after short 
fasts, the oxidized sulfur of the urine of the rabbit is decreased to a 
greater extent than is the urea nitrogen, as shown by the fact that 
in such experiments, the urea nitrogen to sulfate sulfur ratio is 
greatly increased, which suggests that under these conditions in 
this species, sulfur is retained to a greater extent than is the 
nitrogen. The diminished sulfate sulfur excretions resemble those 
observed after the administration of thiourea as already discussed. 
When thiourea is fed to or injected into a fasting animal, the effects 
on the sulfur excretion seem to be additive in part; that is, the 
decreased sulfate sulfur excretion is more marked when thiourea 
is fed to a fasting rabbit than when the animal is fasted and no 
thiourea is given. The protocol of a typical experiment of a series 
of seven such experiments ts recorded in Table ILI. 

Slight increases in the conjugated sulfate sulfur after the admin- 
istration of thiourea to rabbits (4, 5) and to man (1) have been 
reported. In none of the twenty-one experiments of the present 
series in which thiourea has been fed to or injected into well nour- 
ished or fasting rabbits have we observed any increases of signifi- 
cance in this sulfur fraction of the urine. It must be remembered 
that these values are obtained by difference and that slight varia- 
tions must be interpreted with caution. The data of Table I are 
ty pical of those obtained in all our experiments. 

The presence of thiourea in the urine after its administration 
could be demonstrated qualitatively (6). As an index of the 
quantitative relationships the ether-soluble fraction of the urinary 
sulfur was determined (7). Thiourea is decomposed in weakly 
acid and alkaline solution to hydrogen sulfide or alkali sulfides, 
carbon dioxide, and an ammonium salt; in higher concentrations of 
alkali, there are formed ammonia, thiocyanate, and sulfides (8). 
In order to avoid such decomposition, extractions were carried 
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out in neutral reaction, but recovery of known concentrations of 
thiourea was never greater than 85 per cent and considerable 
variations were observed between aliquots of the same solution. 
The results (Table II) must therefore be considered as minimal 
and as approximate estimations of the ether-soluble sulfur only. 
However, a very considerable part of the organic sulfur of the 
experimental days was included in the ether-soluble fraction as 
determined. In a further study, the 24 hour urine collected after 


TaBLeE III 


Effect of Inanition with and without Simultaneous Oral Administration of 
Thiourea on Excretion of Urinary Sulfate in Rabbit 

During the control periods of 4 to 6 days each, the rabbit was fed a con- 
stant amount of chow and cabbage. After a 2 day fast, the animal again 
received the usual diet. During the thiourea period the animal was fasted 
and received orally each day thiourea equivalent to 200 mg. of sulfur. This 
was followed by a third feeding control period. For the calculation of the 
expected excretion the text should be consulted. Rabbit D, 3.15 kilos. 








Total sulfate sulfur 
Urea ocean , (a) 
Period nitrogen | py | we | ©) 
(a) creted | pected (c) — (0) 
(o) | @& | 
| = 
mg. | mg. | mg. | mg. | cig 
Control Period A 1818 144 12.5* 
Fast, Ist day 1272 64 | 112 | 48 3 | 19.9 
"  -. * 906 35 79 14 55 | 25.9 
Control Period B 1631 145 | 11.39 
Thiourea, Ist day 1043 32 91 5Y 65 32.6 
= 920 27 SO 53 66 34.0 


Control Period C 1659 160 10.4* 


* Average ratio, 11.4. 


1 gm. of thiourea was fed was extracted with ether in a continuous 
extraction apparatus for 16 hours and the ether was removed from 
the extract by evaporation. After the residue was dried over 
phosphorus pentoxide, about 300 mg. of material were obtained 
which was recrystallized several times from absolute alcohol. 
The crystals gave the Grote test (6), a precipitate with mercuric 
chloride, and, when heated, the ferric chloride test for thiocyanate. 
The melting point was the same as that of pure thiourea, and when 








418 Thiourea 


the substance was mixed with crystals of pure thiourea, the melting 


point did not change. Analyses of two different products thus 
isolated gave 41.41 and 41.00 per cent of sulfur (theoretical, 
12.02 per cent). This demonstrates that a considerable portion 


at least of the thiourea must be excreted in the urine as such or 
as an easily dissociated derivative. 

The only indication af an increase in the disulfide fraction of 
the urine after administration of thiourea, as suggested by Medes 

1), was a pink color which deve loped when the urine Was allowed 
to stand several hours in the eyanide-nitroprusside test Thiourea 
will give this test owing to its decomposition in alkaline solution, 
as pointed out by Pavolini (9). A positive cystine test could not 
be obtained in the urine with either the Sullivan test or the Prunty 
modification in which the cystine is first reduced with zine and 
hvdrochlorie acid (10) \ prec ipitate could he obtained whe Ih the 
urine excreted after thiourea was treated with cuprous chloride 
as described by Medes and Padis (11), but this precipitate con- 
tained no substances which gave a clearly positive cystine test 
Thiourea is precipitated by cuprous chloride under these condi- 
tions, so that the precipitate was probably the « uprous mereaptide 
of thiourea. 

If a disulfide may be formed by the rabbit from thiourea and 
cysteine, as has been suggested by Medes in experiments on man 
(1), the presence of cystine or methionine in excess in the organism 
might be expected to favor the formation of such a compound. 
Such a reaction might be evidenced by a failure to oxidize the 


cystine used for complex formation, which would result in a de- 


creased recovery of the sulfur of cystine as oxidized sulfur in the 
urine when cystine was fed with thiourea. Cystine and methio- 
nine were accordingly fed to a rabbit and the recovery of extra 
sulfur in the urine was determined. The experiments were then 
repeated wih the additional administration of thiourea (Table 
[V). Extra sulfur is calculated as the amount in excess of the 
normal control excretions. Since the sulfur of thiourea is not 
oxidized to sulfate by the rabbit, the values presented indicate 
that cystine was oxidized and excreted as sulfate to about the same 
extent when thiourea was present in the body as in its absence. 
Since we believe that thiourea depresses the normal excretion of 
sulfate sulfur, if this is true when cystine and thiourea are fed 
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together, the results of the present experiment could be interpreted 


as an indication of a more complete degree of oxidation of the sulfur 


of cystine when fed with thiourea than when fed alone. In any 
event, there is no indication of a decreased oxidation of the sulfur 
of cystine due to the presence of thiourea. We hesitate to attempt 
an interpretation of the results of the single experiment with 
methionine in view of the variability of the recovery of oxidized 
sulfur after methionine feeding to rabbits previously observed in 
our laboratory (3). The apparent decreased recovery of oxidized 
sulfur when methionine and thiourea are fed together might be 
explained, if the contention of Medes is correct, on the theory that 
cysteine formed from methionine has a different metabolic history 


TABLE IV 
Recovery and Partition of Extra Urinary Sulfur after Feeding Cystine or 
Methionine Alone and with Thiourea 


Rabbit B, weight 4 kilos. 


Sulfur fed as | Extra sulfur as 
Cystine Methionine rhiourea Total Total sulfate Organic 
mg mg. mq. mq. mg. mq. 
200) 0 0 106 85 21 
200 0 200 243 83 | 160 (111)* 
0 200 0 107 4 13 
0 200) 200 250 | 58 192 (52)* 


* The values in parentheses represent ether-soluble sulfur. 


than orally administered cystine has and that this cysteine or an 
intermediary product might react with thiourea. A difference 
in the metabolic behavior of cystine and cysteine is suggested by 
the studies of the fate of these amino acids when administered to 
eystinuries (12). We are not warranted in suggesting such an 
interpretation on the basis of a single experiment and incomplete 
data, but since it is not possible to continue this investigation in 
the near future, the results are presented. 

Two other possible products of the metabolism of thiourea 
suggest themselves, thiocyanate and thiosulfate.' Tests of the 


1 A study of thiosulfate excretion in the urine after the administration of 
various sulfur-containing compounds by Dr. J. H. Gast and one of the 


authors (L.) will be reported shortly. 
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experimental urines did not show any significant increases in these 
ions after the administration of thiourea. 


SUMMARY 


1. After oral or parenteral administration of thiourea to rabbits, 
there was no evidence from the study of the partition of the urinary 
sulfur that the sulfur portion of the molecule was oxidized to sul- 
fate. The greater part of the thiourea appeared to be excreted 
as such in the urine, as demonstrated by isolation as well as by 
increases in the ether-soluble sulfur fraction. 

2. The presence of small and increased amounts of cystine in 
the urine after the administration of thiourea as observed in man 
by Medes (1) could not be demonstrated in the rabbit. 

3. The administration of thiourea resulted in a decrease in the 
oxidized (sulfate) sulfur but no increase in conjugated sulfate 
sulfur of the urine. This decrease in oxidized sulfur is not believed 
to be due to a general effect on protein metabolism, since the urea 
nitrogen was not decreased proportionally as shown by changes 
in the urea nitrogen to sulfate sulfur ratio. Short periods of 
inanition in rabbits also led to a decreased sulfate sulfur excretion 
without a corresponding decrease in urea excretion; the oxidized 
sulfur excretion of the fasted animal was decreased still further 


by the administration of thiourea. 
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The arginase activity of rabbit kidney was shown, in a previous 
paper (1), to be specifically associated with the cells of the proximal 
convoluted tubules. This investigation in enzymatic distribution 
has now been extended to cathepsin, aminopolypeptidase, di- 
peptidase, esterase, and amylase. The results of this study 
demonstrate that histological variations within the structure 
of the kidney are correlated with variations in the content of 
certain enzymes. 

In the past, investigations concerning the functions of various 
tubule cells in the kidney were conducted primarily from the 
physicochemical point of view; it is hoped, however, that an 
enzymatic approach to this problem may contribute to a better 
understanding of the subject. 


EXPERIMENTAL 

Before the actual histoenzymatic work could be undertaken, 
it was necessary to make a study of those kidney enzymes which 
were to be investigated. Since the literature yielded very little 
information concerning the proteinase of kidney, preliminary 
research into the character of this enzyme was necessary. 

The pH optimum of kidney proteinase was measured; clupein 
and edestin were used as substrates. In the case of clupein 
sulfate, the progress of the enzymatic breakdown was followed 
by micro formol titration (2), while in the case of edestin, micro 
acetone titration (3) was used. Minced rabbit kidney was ex- 
tracted for 24 hours with 10 volumes of 60 per cent glycerol. 
The filtrate, diluted 1:6 with water, was used for the enzymatic 
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determinations. To 7 ¢.mm. of kidney extract were added 7 
c.mm. of water or of cysteine solution (10 mg. in 1 ce.) at the 
proper pH, 7 ¢.mm. of veronal-HCl buffer (4), and 7 ¢.mm. of 
5 per cent clupein sulfate or 5 per cent edestin solution at the 
required pH. The rate of decomposition was measured after 4 
hours incubation at 37°, as described in a previous paper (5). 
The results obtained have been presented in Table I. In the 


same table have been shown the results of studies on kidney 


TABLE | 
pH Opti na oj Kidney Catheps n, D pe plidase, and Am nopolypep idase 


The activity is expressed in ¢.mm. of 0.05 n HCl. 


pH 
wwe Enzym« 
0 } 4.0 44 5.0 6.0 6.5 7.0 7 8.0 8.¢ 
Clupein 0.62 1 56 2? 482.06 1_&8 0.42 Cathepsin 
sulfate 
Clupein 1.06 2.28 5.46)5.04 t.66 2.66 
sulfate 
cysteine 
Edestin* | .62/2.30/2.12)1.98 
t.06'5.4615.40/)4.96 
cysteine 
Glycylegly 1 .96/2.20/2.48/2.62/2.50\2.32) Dipepti 
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* Kdestin precipitates at higher pH and therefore only the acid side could 


be investigated 


dipeptidase and aminopolypeptidase contained in the same 
extract. 7 c.mm. of 0.2 mM glyeylglycine or 7 c.mm. of 0.2 


dl-leucyldiglycine were added to 7 ¢.mm. of kidney extract, and 
after 1 hour’s incubation at 25° the increase of amino groups Was 
measured by micro acetone titration (3). The results are reported 
in ¢.mm. of 0.05 Nn HCl. 

As indicated in Table I, the pH optimum for clupein sulfate 


decomposition was at 5, while the optimum for edestin was found 
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to be at pH 4. In both cases the addition of cysteine produced 
a marked activation, indicating that.the enzyme responsible for 
the protein decomposition is of the catheptic type. Both the 
dipeptidase and the aminopolypeptidase of the kidney had pH 
optima at 7.5. 

Determinations were also made of the decomposition rate of 
the above substrates under the action of the enzymes. By 
confining our experiments so that the values obtained were within 
the linear portion of the curve, these values could be used as a 
measure of the enzyme concentration. 
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Fic. 1. The rates of enzymatic decompositions of various substrates. 
dipeptidase activities, O aminopolypeptidase activities, @ esterase 
activities, A cathepsin activities, O amylase activities. 


The results obtained with kidney esterase and amylase have 
been included in Fig. 1. The following procedure was used in 
making these determinations. 7 c.mm. of a solution containing 
2 per cent Lintner starch, 1 per cent NaCl, and 0.1 m phosphate 
buffer at pH 6.8 were added to 7 c.mm. of kidney extract. After 
each incubation period at 37° the increase of glucose was measured 
by the method of Linderstr@m-Lang and Holter (6). For the 
kidney esterase determination, the method of Glick (7) was used. 
7 c.mm. of kidney extract were employed, to which were added 
7 c.mm. of methyl butyrate emulsion which had been prepared 
according to the method of Glick and then treated in the supersonic 
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oscillator to obtain a stable emulsion. Because of the high 
activity of kidney esterase the incubation temperature was low- 
ered to 25°. 

The preparation of rabbit kidney for histoenzymatic investiga- 
tion was carried out in the same manner as that described in a 
previous paper (1). After saline perfusion, a tissue column was 
cut parallel to the flat side of the kidney; a borer of 2.5 mm. diam- 
eter was passed by means of a drill-press first through the pelvis, 
then the medulla, and finally the cortex. In this way a column 
was obtained containing all the structural elements of the kidney. 
The freezing-microtome and the histological technique were the 
same as were previously employed (8). Unfortunately, the 
freezing-microtome technique of Linderstr@m-Lang and Mor- 
gensen (9) could not be used in this work because of the damaging 
effect of freezing upon the cells of the kidney. The frozen tissue 
slices proved unsuitable for quantitative histological work. 

For the histoenzymatic estimation of kidney cathepsin two 
adjacent slices 15 uw in thickness were placed in a micro test-tube 
charged with 7 c.mm. of water. The catheptic activity of the 
slices was estimated after a 4 hour incubation period as described 
above, with edestin as the substrate. Only the full activity 
(with cysteine) was measured. 

In the histoenzymatic estimation of dipeptidase and amino- 
polypeptidase only one 15 yu slice was placed in the tube containing 
7 c.mm. of water, and the determination carried out as described. 
Owing to the high activity of these two enzymes in the rabbit 
kidney it was necessary to reduce the incubation to 1 hour at 25 
For the estimation of esterase one 15 yp slice was used under the 
conditions described for the peptidase. Kidney amylase deter- 
mination was made on a 20 yu slice by the technique described 
above with the exception that an incubation period of 20 hours 


at 37° was employed 
Enzymatic and Cellular Dist thulion in Rabbit Kidne / 

In order to ascertain which types of cells in the rabbit kidne y 
were responsible for the catheptic and aminopolypeptidase 
activities a correlation between the enzymatic activity and the 
number of various cells had to be demonstrated. Parallelism 
between the enzyme curve and the curve representing cellular 


L. Weil and R. K. Jennings 425 
counts should serve as evidence of such relationship. The tech- 


nique of making cellular counts was that used by Linderstrgm- 
Lang, Holter, and Ohlsen (8) and Weil and Ely (1). 
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Fic. 2. The distributions of cathepsin and aminopolypeptidase activities 


and of various cells in rabbit kidney. O cathepsin activities, 
aminopolypeptidase activities, jj cells of the proximal tubules, A cells 
of the distal tubules, O relative areas of glomeruli, O—-— total 


numbers of cells of proximal and distal tubules, 0 total number of cells, 
corrected total number of cells. 


An effort was made to correlate the catheptic and aminopoly- 
peptidase activities with the number of individual cells of the 
rabbit kidney. Figs. 2 and 3 show that such a correlation was not 
obtained, although the curves obtained with cathepsin and 
aminopolypeptidase run parallel, indicating that the two enzymes 
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are similarly distributed throughout the organ. The fact that 
both enzymes could be detected along the entire length of the 
tissue column indicated that they were not associated with a 
single type of kidney cell alone, and that it was desirable therefore 
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to take into account all possible variations of the cellular counts. 
The cortical part of the kidney, as Fig. 2 indicates, consists chiefly 
of the proximal and distal tubules, and since no relation appeared 
to exist between the enzyme activities and the number of cells of 
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either type alone, the possibility that both types of cells are 
responsible for the enzymatic activities in the renal cortex was 
considered. Graphic comparison of the enzymatic activities 
with the total number of cells from proximal and distal tubules 
combined (Fig. 2) strongly supports this possibility. 

The medullary portion of the rabbit kidney, consisting chiefly 
of the cells of the ascending and descending tubules of Henle’s 
loop as indicated in Fig. 3, showed a marked catheptic and amino- 
polypeptidase activity, though less than that of the cortex. The 
enzymatic activities again compared graphically with the total 
cell count, this time of the ascending and descending tubules of 
Henle’s loop, showed a definite relationship. 

In the pelvic portion of the kidney tissue column the histological 
structure is very simple, consisting, as indicated in Fig. 3, only 
of cells of the collecting tubules. Since catheptic and amino- 
polypeptidase activities were demonstrable in this portion, such 
enzymes must be present in cells of the collecting tubules although 
the concentration of these enzymes was much lower than in the 
cortex or medulla. 

In view of both enzymatic activities in all structural ele- 
ments of the rabbit kidney, a parallel between the graphical rep- 
resentation of the total number of cells at given levels and the 
enzymatic activity at corresponding points might have been 
expected. The parallelism so obtained, however, is of a qualita- 
tive character in that the elevations and depressions of the en- 
zymatic curves parallel the elevations and depressions of the curve 
of the cell count only in the sense of being similarly located, while 
differing in height. Of course, entire parallelism could be ex- 
pected only if all the various cells were presumed to possess the 
same enzyme concentration. Dividing the enzymatic activity 
at a given level by the corresponding total number of cells pro- 
vided an easy means of estimating the enzyme concentration of 
a single cell at that point. When this was done, it was found 
that the cells of the cortical region possessed about twice the 
enzymatic activity of the medullary cells, and about 4 times that 
of the cells in the pelvis, which is to say the cells of the collecting 
tubules. Since the cortex consisted primarily of proximal and 
distal tubules, the medulla of ascending and descending tubules 
of Henle’s loop, and the pelvis of collecting tubules, it could be 
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assumed that one cell of a convoluted tubule (proximal or distal) 
was the enzymatic equivalent of two cells from Henle’s loop 
and of four cells from the collecting tubule. Having made this 
assumption, the graphical representation of the cell count was 
corrected as follows: the total number of proximal and distal 
convoluted tubule cells was recorded as found, the number of 
cells of Henle’s loop was divided by 2, and the number of cells of 
collecting tubules divided by 4. The curve of the corrected total 
number of cells not only retained the qualitative parallelism with 
the enzymatic curve, but showed in addition a definite quan- 
titative correlation. The results, therefore, appeared to justify 
the assumptions made concerning the relative enzymatic content 
of the various types of cells. 

The conclusions drawn from this experiment were that the 
catheptic and aminopolypeptidase activities might be found in 
all the cells of the rabbit kidney, while the quantitative distribution 
varied with the type of cell. The cells of the convoluted tubules 
were capable of about twice the activity of the cells of the loop 
of Henle, in the case of cathepsin and aminopolypeptidase, and 
about 4 times that of the cells of the collecting tubules. 

Owing to the high enzymatic activity of the cells of the proximal 
and distal convoluted tubules, the enzyme content of the glomeruli 
could not be estimated. To decide this question it would be 
necessary to isolate pure glomerular tissue. 

\ second experiment carried out in the same manner con- 
firmed this conclusion; the results have been presented in Fig. 4. 
For the sake of clarity Fig. 4 shows only the curve for cathepsin 
together with a curve representing the corrected total number of 
cells as in Fig. 2. The correlation so obtained again appeared 
to be satisfactory. 

The location of the catheptic and aminopolypeptidase activities 
in the rabbit kidney having been established, the catheptic 
activity was used as a guide for the localization of dipeptidase, 
esterase, and amylase activities in the subsequent experiments. 
This method was less time-consuming than that involving the 
cell counts and proved to be very helpful. In order to localize 
each enzyme a simultaneous determination of catheptic activity 
was made at each chosen level in the tissue column. Fig. 5 
indicates the histoenzymatic distribution of dipeptidase and 
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catheptic activities. The curves were found to be definitely 
parallel in the cortical and medullary regions, while the pelvis 
was practically free of dipeptidase activity under the experimental 
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Fic. 5. Histoenzymatic distributions of cathepsin and dipeptidase activi- 
ties in rabbit kidney. X cathepsin activities, O dipeptidase activities. 
conditions used. It was concluded that the distribution of kidney 
dipeptidase was the same as that of cathepsin and aminopoly- 
peptidase in the cortical and medullary region of the rabbit 
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kidney, but was absent, or present only in very low concentration, 
in the pelvis and therefore in the cells of the collecting tubules. 

In Fig. 6 the activities of kidney esterase have been compared 
with the catheptic activities in the same way that the dipeptidase 
was compared in the previous experiments. A marked parallelism 
throughout the entire length of the tissue column strongly sup- 
ported the conclusion that the histoenzymatic distribution of 
kidney esterase was the same as that indicated for cathepsin 
and aminopolypeptidase in Figs. 2 and 3. 

Experiments carried out in the same way on kidney amylase 
led to a different picture, as shown by Fig. 7. The amylase ac- 
tivities followed closely the catheptic activities in the cortical 
region of the rabbit kidney. As soon as the medullary portion 
of the kidney was reached, the amylase activity disappeared, 
reappearing again in the pelvis where it again paralleled the 
catheptie activities. The conclusion appeared justified that the 
source of amylase activity in the cortex was the same as that of 
catheptic activity, while the cells of Henle’s loop (constituting 
the bulk of the medullary portion of the kidney) were practically 
free from amylase activity' although possessing considerable 
catheptic activity. In the pelvic region, and therefore in the 
collecting tubules, the catheptic and amylase activities were 
again parallel. 


SUMMARY 


Histoenzymatic investigations have shown that catheptic, 
aminopolypeptidase, and esterase activities may be demonstrated 
in all structural elements of the rabbit kidney. The quantitative 
distribution of these enzymes, however, varied among the dif- 
ferent types of kidney cells; that is, the cells of the proximal and 
distal convoluted tubules were about twice as active enzymatically 
as the cells of the ascending and descending tubules of Henle’s 
loop and about 4 times as active as cells of the collecting tubules. 


1 It should be mentioned that some of the cells of the collecting tubules 
were present in the medullary portion of the kidney (see Fig. 3), and it was 
therefore surprising that their presence did not demonstrably influence the 
amylase activity in this region, since the cells of these tubules did exhibit 
this activity in the pelvic region although to a lesser degree than do the 
cells of the cortex. 
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The same distribution was found for dipeptidase activities with 
the exception that cells of the collecting tubules did not possess 
any of this activity under the conditions of the experiment. 
Amylase activity in the rabbit kidney was found to be associated 
with the cells of the proximal and distal convoluted tubules and 
with the cells of the collecting tubules. The cells of the loops 


of Henle were free from amylase activity. 
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The distribution of iodine in various tissues in both normal and 
abnormal states of thyroid activity has not lacked considerable 
study, but, as Salter has pointed out (1), these investigations have 
suffered from a lack of analytical procedures suitable for the accu- 
rate determination of the minute amounts normally present in 
most tissues. The approach to the problem of iodine metabolism 
in certain of its phases can be simplified by the use of radioiodine.' 
In general, two types of problems lend themselves to study with 
this new tool: (a) The fate of exogenous iodine. Various amounts 
of administered iodine can be studied in and out of tissues much 
more accurately by means of radioactive measurements than by 
accompanying changes in concentration. Furthermore, when 
only the radioactivity is being measured, the amount of iodine 
administered can be reduced to any desired level without loss of 
accuracy in the analysis. (b) The turnover of endogenous iodine. 
It is possible to label the circulating iodine within the animal with- 
out altering the amount of iodine already present, since strong 


* Aided by a grant from the Research Board of the University of Cali- 
fornia. The assistance furnished by the Works Progress Administration 
(Official Project No. 65-1-08-652, Unit A6) is gratefully acknowledged. 

t Rosenberg Fellow in Physiology. 

1 The sensitivity of procedures involving radioactive measurements has 

) 


been discussed elsewhere (2). 
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samples of radioiodine can be prepared practically free of iodine. 
By this means the normal turnover of circulating iodine can be ob- 
served. This feature can be obtained at present only by a labeling 
device as sensitive as that provided by the radioactive isotope. 
Previous work on radioactive iodine has dealt, for the most 
part, with its accumulation in the thyroid gland (4-8). In the 
present investigation the turnover of administered labeled iodine 
was measured in the liver, muscle, brain, blood, small intestine, 
kidney, testes, and adrenals, as well as in the thyroid gland. Ob- 
servations on the rate of its absorption and excretion are also 


recorded. 


EXPERIMENTAL 


Radioactive iodine was prepared by bombardment of tellurium 
with deuterons (3). The tellurium was scraped from the target 
and placed in a distilling flask. Nitric acid was added and the 
iodine distilled into carbon tetrachloride. After the carbon 
tetrachloride was washed free of nitric oxide with water, most of 
the iodine was removed by shaking with a dilute solution of 
NaeS.O;. The sample of radioactive iodine so obtained contains 
only an insignificant amount of iodine. The number of radioactive 
atoms in the sample is far below the minimum quantity necessary 
for chemical detection and is even far less than the minute amounts 
of ordinary iodine inevitably present in the tellurium, reagents, 
vessels, ete. The sample is here referred to as the dose without 
carrier or the “‘tracer’’ dose.* 

A considerable amount of radioactive iodine fails to come over 
in the distillation. A small amount of KI may be added as carrier 
to the tellurium residue and the distillation repeated. Such 
samples, containing measurable amounts of iodine as carrier, may 
be used when the distribution of exogenous iodine is to be observed. 

Two types of iodine administrations were used: (a) Tracer doses, 
for which the iodine sample without carrier obtained in the first 


? This radioiodine is prepared by bombarding tellurium with deuterons 
(3). When iodine is separated, it contains the radioactive atoms plus the 
unavoidable traces of iodine present in reagents, glassware, and atmosphere 
Neither source of iodine is measurable by chemical analysis 

* We are indebted to Dr. J. G. Hamilton for the isolation of all samples 
of radioiodine used in the present investigation 
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distillation was used. As already pointed out, this sample con- 
tains practically no iodine, and its administration serves to label 
mainly the circulating iodine without altering its concentration. 
In the experiments to be described below, it was fed by stomach 
tube as an aqueous solution or injected subcutaneously as an 
isotonic NaCl solution. (6) Relatively large amounts of iodine, 
for which the labeled iodine obtained with KI carrier was used. 


Isolation and Determination of Radioactive Iodine in Tissues 


The method described below was designed primarily to facilitate 
the measurement of radioiodine in a tissue without regard to its 
total iodine content. Hence in contrast to the usual methods for 
the determination of iodine there is no lower limit of iodine con- 
centration in a tissue to which the measurement of radioiodine can- 
not be applied so long as an adequate amount of radioactivity is 
present. With reasonable care a quantitative yield of iodine (as 
judged by recovery of radioactivity) can be obtained from minute 
quantities as well as from larger amounts of tissue. Since only 
radioactivity was being measured, iodide was introduced as carrier 
wherever it was found convenient. In all of the tissues analyzed 
in the present investigation, inactive carrier in the form of KI was 
added. It is worthy of note that the determination of radio- 
iodine is much simpler than the usual methods for the estimation 
of total iodine in that the reagents emploved need not be free of 
small amounts of iodine or other substances that may have an 
apparent iodine equivalent. The only condition in the use of 
reagents for the determination of the radioiodine content of a 
tissue is that they shall cause no loss of iodine or interfere with its 
quantitative extraction by the solvents employed. 

The method involves the oxidation of all the iodine in the tissue 
to iodate by ashing with chromic acid. This is followed by reduc- 
tion of the excess chromate to the chromic state and of the iodate 
to iodide by means of SO.. After the excess SO, is boiled off, an 
excess of iodate is added and the resulting iodine extracted with 
carbon tetrachloride. In order to mount the sample the iodine is 
reduced with Na2S.O; and precipitated on hardened filter paper as 
AgI. Eight or more samples of tissue can be conveniently run at 
the same time. With the vessels described below, amounts of 
tissue up to 15 gm. can be conveniently handled. 











436 Iodine Metabolism. I 


Procedure 

The tissues were transferred to 300 cc. Kjeldahl flasks and 1 ce. 
of 0.02 m KI solution‘ added as a carrier. The ashing was carried 
out with chromic acid; for each gm. of material, 4 cc. of 50 per cent 
chromium trioxide and 8 cc. of 1:1 HeSO, were found best. The 
flasks were heated for 1.5 to 2.5 hours, depending on the quantity 
of tissue. Water was added from time to time when the volume 
became reduced to the point where substances began to crystallize 
out. It is important to ensure complete oxidation, since unashed 
material hinders the subsequent extraction of iodine. Complete- 
ness of ashing can be readily gaged by the absence of all particles 
and of the odor characteristic of partially ashed material. 

The contents of the flasks were then diluted to 150 to 200 ce. 
with water and SO, passed through in series; the outlet was run 
into a bottle of NaOH. The flasks were immersed in cold water 
during this reduction process, since considerable heat was pro- 
duced. Eight samples were usually treated at the same time and 
reduction considered complete when vigorous rotation of the last 
flask in series failed to suck back NaOH from the absorption bottle 
while SO, was being bubbled through slowly. 

The Kjeldahl flasks were then heated to drive off excess SOx. 
To avoid possible oxidation and loss of iodide, it is advisable to 
stop heating immediately after the last of the SO: is driven off. 
lodate paper is used to indicate the removal of most of the SOx, 
but the last traces are considered absent only when the odor of SO, 
can no longer be detected. However, it is not absolutely neces- 
sary to remove completely the SOe, though the presence of appre- 
ciable amounts will cause inconvenience. With the complete 
removal of SOs, iodide remains as the only substance in appre- 
ciable amounts that can reduce iodate. 

The solutions were then cooled and transferred to 500 cc. separa- 
tory funnels. At this point the solution is acid; the chromium is 
present in the chromic state and the iodine as iodide. The amount 
of iodine usually present at this stage is little more than that added 
as carrier; namely, 2.5mg. 10 to 15cc. of CCl, along with 1 cc. of 
0.02 m KIO; were added and the I. formed shaken out. Two more 


41 ec. of 0.02 m KI yields about 5 mg. of AgI, a convenient amount for 
later mounting of the sample for measurement of its radioactivity. 
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extractions with CCl, were carried out to complete the removal of 
iodine. The KIO; used is 5 times the amount needed to oxidize 
the iodide to iodine. As a result, approximately four-fifths of 
the iodate remains behind. That there is no appreciable inter- 
change between the radioactive I, and the non-radioactive iodate 
under these conditions was shown as follows: After the labeled 
iodine was removed in the manner described, enough non-radio- 
active iodide was added to convert the excess iodate into iodine. 
This was then extracted and its radioactivity compared with that 
of the first iodine removed. The radioactive iodine thus found 
(less than 0.2 per cent) showed that the loss due to interchange or 
other factors is entirely negligible. 

The iodine in CCl, solution was titrated with Na.S.O;. The 
iodide in the water phase was removed by several water washings 
and these made up to a volume of 50 or 100 ec., depending upon the 
estimated radioactivity present. Suitable aliquots were pipetted 
into 50 ec. beakers, more KI carrier added if necessary,‘ and the 
solution treated with an excess of AgNO;. After the solution was 
heated on the steam bath until well coagulated, the AgI was fil- 
tered out upon 5.5 em. No. 50 Whatman paper placed in a long 
stemmed funnel. The precipitate was dried with acetone and 
ether, and, if reasonable care is taken, AglI is present only on a 
semicircle of the filter paper. The precipitate was mechanically 
distributed over an area of 5 to 6 sq. cm. by means of a large steel 
needle, after which a piece of Scotch tape was placed over the 
sample. After the excess paper and tape were trimmed off, the 
resulting sample was a rectangle measuring ~ 3 X 5cm. The 
samples were wrapped around a thin wall Geiger counter and the 
radioactivity determined in a manner previously described (2). 

The labeled iodine extracted from the tissues is expressed as a 
percentage of the administered radioiodine. For this purpose a 
standard was prepared, which consisted of a portion of the same 
solution of labeled iodine as was administered to the animal. Its 
iodine was precipitated and mounted in a manner identical with 
that employed for tissues. 

Because of the avidity of thyroid tissue for iodine, the radio- 
activity in a few mg. of it may be enough for an accurate measure- 
ment. This is especially true of rat thyroid, since the entire organ 
in this animal may weigh 15 mg. or less. In such cases the 
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lengthy process of iodine isolation may be avoided; the gland can 
be mashed on a non-absorbing surface and its radioactivity directly 
measured. The self-absorption of the radioactivity by the sample 
is small and can be made uniform. This procedure has been used 
to determine the uptake of radioiodine by rat thyroid shown in 
Fig. 4. The fresh glands were weighed immediately after excision 
and placed upon a piece of aluminum-foil measuring 3 X 5 cm. 
that had been covered with a strip of lens paper on one side and 
blotting paper on the other. The lens paper prevents the thyroids 
from sliding while being mashed, while the blotter acts merely as a 
support for mounting. It is then wrapped in thin cellophane 
which is fixed with glue. By means of a smooth glass bottle the 
glands are rolled into a paste covering about 5to6sq.cm. Neces- 
sary precautions were taken in the preparation of standards to rule 
out possible self-absorption resulting from the 10 to 15 mg. of 
thyroid tissue on the aluminum-foil. 


Distribution of 0.5 Mg. of Administered Labeled Iodine in Tissues 
of the Rat 


Each of twenty male rats weighing between 180 and 200 gm. 
received by stomach tube 1 cc. of an aqueous solution of labeled 
KI containing 0.5 mg. of iodine. The animals were kept in spe- 
cially constructed monel cages mounted on large monel funnels 
equipped with a device for the separation of urine and feces (9). 
Access to food was permitted throughout the period of observation. 
At intervals of 1, 3, 6, 12, and 24 hours after the administration of 
the labeled iodine, the animals were anesthetized with nembutal 
and then bled. The thyroid glands were then quickly removed. 
The abdominal cavity was opened, the bladder clamped at its 
lower end, and its contents added to the urine sample obtained 
while the animal was kept in the cage. The small intestine and 
the stomach were washed with several 5 cc. portions of isotonic 
saline and the combined washings analyzed for unabsorbed iodine. 
The cecum and large intestine were added to the feces. The liver, 
kidney, and small intestine were then removed. The entire pro- 
cedure required 6 to 8 minutes for its completion. 

As noted above, the amount of labeled iodine received by each 
rat was 0.5 mg. This far exceeds the normal iodine content of the 
entire animal. It is estimated that between 0.1 and 0.2 mg. of 
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iodine are present in the whole rat (10). Since the dilution of the 
administered labeled iodine by the non-radioactive iodine already 
in the animal is very slight, it would appear that the specific ac- 
tivity of the total iodine entering the tissue is not much below that 
of the iodine administered. 

Absorption of Iodine from Gastrointestinal Tract—The absorp- 
on of a relatively large dose of iodine from the gastrointestinal 
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tract is shown in Fig. 1. Over 70 per cent of the administered 
iodine was absorbed at the end of the Ist hour. In 3 hours 80 per 
cent of the administered iodine had left the gastrointestinal tract, 
whereas in 12 hours absorption was 90 per cent complete. 1 per 
cent of the iodine was found in the small intestine at the end of 
24 hours. 

Excretion in Urine and Feces—When large doses are adminis- 
tered, iodine appears rapidly in the urine; an average of 13 per cent 
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of it was eliminated by this route 3 hours after its introduction 
into the stomach. At the 12 hour interval 33 per cent was found 
in the urine and 50 per cent at the end of 24 hours. 

The samples called “feces” included the cecum and lower parts 
of the intestinal tract along with their contents. The values 
shown in Fig.1 are maximal, for the possibility that feces are con- 
taminated with urine cannot be ruled out. At the 24 hour inter- 
val two animals had eliminated 10 per cent of the iodine by this 
route, whereas in two others values below 5 per cent were observed. 
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Fig. 2. The uptake of labeled iodine per gm. of small intestine, kidney, 
and liver of the rat. O small intestine; O kidney; gliver. Each animal 
received 0.5 mg. of labeled iodine as KI. Each point represents the average 


of four separate analyses on as many animals. 


At all other examinations, namely 1, 3, 6, and 12 hours after the 
administration of the labeled iodine, 5 per cent or less was found 
in the “feces.” 

Uptake of Iodine by Liver—This tissue is characterized by a 
rapid uptake and loss of iodine (Fig. 2). _The maximum amount of 
iodine was found 1 hour after its administration, when about 0.3 
per cent of the administered labeled iodine was present in each gm. 
of hepatic tissue. At the 12 hour interval less than 0.1 per cent 
per gm. was present in this tissue, and at the end of 24 hours it 


had almost disappeared. 
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Uptake of Iodine by Small Intestine—The course of iodine deposi- 
tion and release in this part of the gastrointestinal tract resembles 
that in the liver (Fig. 2). The maximum deposited, however, was 
somewhat higher; namely, 0.6 per cent of the administered la- 
beled iodine. 

Uptake of Iodine by Kidney—The rise and fall of the iodine con- 
tent of the kidney is very much like that found in the liver and 
small intestine (Fig. 2). Thus the maximum occurred at 1 hour, 
at which time about 0.5 per cent per gm. had been deposited. At 
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Fic. 3. The uptake of labeled iodine by the thyroid gland of the rat. 
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the 24 hour interval the content of labeled iodine was reduced to 
values below 0.05 per cent per gm. 

Uptake of Iodine by Thyroid Gland—In none of the above tissues 
(liver, kidney, and small intestine) did the uptake of iodine exceed 
| per cent per gm. of tissue. When comparisons are made on this 
basis, thyroid tissue retains over 100 times as much as those tis- 
sues (Fig. 3). This was found to be true despite the fact that each 
rat received 0.5 mg. of labeled iodine, an amount far larger than 
that normally contained in the whole animal. Thus thyroid 
gland deposited about 100 per cent of the administered labeled 
iodine per gm. of tissue during the 3 to 6 hour interval. Similar 
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differences between the activities of thyroid and other tissues have 
been observed by Hertz, Roberts, and Evans (4). 

The loss of deposited labeled iodine occurs slowly in the thyroid 
gland. At the 24 hour interval the gland still retained about one- 
half of the maximum amount found at the earlier periods. This 
slow rate of loss in the thyroid is in marked contrast to the loss of 
labeled iodine observed in the liver, kidney, and small intestine, in 
which practically none of the labeled iodine remained at the end of 
24 hours. 


Turnover of Endogenous Iodine As Shown by Administration of 
Tracer Doses of Labeled Iodine 


Thyroid Gland of Rat—Young rats weighing approximately 120 
gm. were fed labeled iodine by stomach tube, and thereafter 
groups of four were sacrificed at the following intervals, 0.25, 0.5, 
1, 2, 5, 12, 24, 48, 96, 192, and 384 hours. The glands were 
mounted directly on the aluminum-foil, as described above. 

The turnover of different amounts of labeled iodine by the whole 
thyroid is compared in Fig. 4. Each of the rats in the groups shown 
in the lower curve received by stomach tube 1 cc. of a solution of 
KI containing 0.03 mg. of I. This amounted to 0.25 mg. of iodine 
per kilo. This radioactive iodine was prepared by adding a car- 
rier. Each animal of the group recorded in the upper curve 
received 1 cc. of a solution containing tracer amounts of radioio- 
dine. As noted above, this solution did not contain measurable 
amounts of iodine; hence its administration did not alter the iodine 
content of the body. The tracer amounts of the radioiodine serve 
to label the iodine already present within the animal; hence the 
turnover of the radioiodine is indicative of the turnover of endog- 
enous iodine. 

Fig. 4 shows very strikingly that the uptake and loss of radio- 
iodine by the thyroid gland differed for the two doses employed. 
In the case of the tracer dose, which, as already noted, contained 
negligible amounts of iodine, a maximum of 65 per cent of the 
administered radioiodine found its way into the whole thyroid 
gland between the 25 and 50 hour intervals. The retention of 
such a large part of the administered iodine by an amount of 
tissue that at no time weighed more than 15 mg. (average 10 mg.) 
is indeed surprising in view of the fact that the normal gland con- 
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tains only 20 per cent of the total body iodine (1,10). The physio- 
logical interpretation of this finding will be dealt with below. 

It is also of considerable interest to note that the curve depicting 
the turnover of the tracer dose of iodine is characterized by a 
sharp rise. As early as 1 hour after the administration of the 
radioiodine, 12 per cent of it was found in thyroid tissue. So 
rapid is the deposition in this tissue that over 50 per cent was 
deposited in 5 hours. Curiously enough, the release of radio- 
iodine from the gland occurred much more slowly than the initial 
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Fic. 4. The uptake of labeled iodine by the thyroid gland of the rat. 
O, each animal received a tracer dose of labeled iodine; @, each animal 
received 0.03 mg. of labeled iodine. Each point represents the average of 
four separate analyses on as many animals. 


uptake. Although a maximum deposition of 65 per cent was found 
as early as 24 hours, over 40 per cent was still in the gland as late 
as 96 hours and 20 per cent as late as 192 hours. 

The lower curve of Fig. 4 shows that the inclusion of as little as 
0.03 mg. of iodine as carrier greatly depressed the percentage of 
the administered radioactive iodine retained by the gland. The 
rats that received this dose of labeled iodine showed a maximum 
retention of 7 per cent in their whole thyroid glands. The curve 
depicting the turnover of this dose of iodine differed fundamentally 
from that noted in the case of the tracer dose. There was a slow 
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but steady accumulation of labeled iodine. Although the maxi- 
mum of 7 per cent was observed at 50 hours, practically the same 
amount was still present at the 100 hour interval. Moreover, little 
change in the amount deposited was found at 192 hours; at this 
time 6 per cent of the administered labeled iodine was still present 
in the gland. 

Distribution of Tracer Dose of I* in Tissues Other Than the 
Thyroid—The percentage of the administered labeled iodine found 
in kidney, blood, skin, testes, liver, adrenal, muscle, and brain of 
the rabbit at intervals of 5 to 197 hours after the subcutaneous 


TaBLe | 
Distribution of Tracer Dose of I* in Tissues of Rabbit Other Than Thyroid 
All values are expressed as percentages of the administered labeled iodine 
x 10%. 
Each animal received subcutaneously an isotonic solution of NaCl con- 
taining the tracer amounts of I*, 


Hrs. after I* injection 


Tissues 
5 25 48 96 197 
Kidney 8.10 0.592 0.539 0.400 0.207 
Blood 5.57 0.544 0.421 0.262 0.248 
Skin 3.68 0.281 0.222 0.179 0.131 
Testes 2.47 0.605 0.576 0.228 
Liver 2.43 0.289 0.158 0.117 0.0037 
Adrenals 1.84 0.390 0.273 0.070 0.114 
Muscle (gastrocnemius). 1.05 0.073 0.056 0.050 0.038 
Brain ne 0.069 0.029 | 0.016 0.0097 


injection of tracer doses of I* is shown in Table I. The rabbits 
used in this study weighed 2 kilos. The labeled iodine was ad- 
ministered in an isotonic solution of sodium chloride; each animal 
received 3 cc. of this solution. At each time interval, the tissues of 
three rabbits were pooled, thoroughly mixed, and, whenever pos- 
sible, 10 gm. samples were taken for analysis of their 1* content. 
In the case of blood, however, 2 cc. were removed from each animal. 

It should again be noted that this distribution reflects the move- 
ment of endogenous iodine, since the injected iodine could not have 
increased the amount already present within the animal. The 
tissue that showed the highest concentration of the labeled iodine 
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at the early interval (5 hours) was kidney. At this time 8.1 XK 10 
per cent of the injected I* was present in each gm. of kidney; but 
so temporary is its storage in this tissue that by 25 hours the 
amount present was reduced to 0.59 X 10-* per cent. Blood con- 
tained a little less than kidney at the 5 hour interval, but there- 
after the concentrations found in blood were very close to those in 
the kidney. Skin, testes, adrenal, and liver contained between 
2 X 10° and 4 X 10-? per cent of the injected I* per gm. of tissue 
at the 5 hour period. The movement of circulating iodine occurs 
at lower levels in and out of muscle and brain than in and out of 
the other tissues listed above. Although the content of I* in 
muscle was only slightly below that of adrenal at the 5 hour 
interval, its concentration dropped considerably below that of 
other tissues at the 48 and 96 hour intervals. 


DISCUSSION AND SUMMARY 


Thyroid—lIn the present investigation the uptake of radioiodine 
by the rat’s thyroid gland was examined after the administration 
of three separate amounts of labeled iodine: 0.5 mg., 0.03 mg., and 
an amount that has been termed here a tracer dose, i.e. one in 
which the radioiodine contains no carrier and hence is mixed with 
a negligible amount of iodine. For the purposes of the following 
comparison it will be assumed that the thyroid glands of the rats 
were of uniform size.5 When each rat received 0.5 mg., the maxi- 
mum concentration of the administered labeled iodine found in 
the whole gland was about 2 per cent. When each animal received 
0.03 mg., about 7 per cent of the administered labeled iodine was 
the maximum that entered the gland. But when a tracer dose was 
injected, 65 per cent of the radioiodine appeared in the gland. 

Since the introduction of the tracer dose does not alter the total 
iodine content of the body, it serves as a labeling device for circu- 
lating iodine as soon as it is completely mixed with blood iodine. 
It would therefore appear that the distribution of the tracer dose 
reflects the movement of circulating endogenous iodine. The 
appearance of 65 per cent of the tracer dose in as small an amount 
of tissue as 15 mg. leaves no doubt of the capacity of the thyroid 
gland to sweep iodine out of the circulation. Furthermore, since 


5’ Their weights did vary from 10 to 15 mg., but this variation has no 
bearing on the points made. 
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it has been shown that the thyroid gland holds only 20 per cent of 
the total body iodine (1, 10), the uptake of as much as 65 per cent 
of the tracer dose by this gland suggests that circulating iodine is 
removed by it much faster than it can come into equilibrium with 
tissues other than the thyroid. 

It should not be inferred from these findings that a larger 
amount of iodine is removed from the circulation by the gland when 
a tracer dose is employed than when 0.5 or 0.03 mg. is injected. 
No dilution of blood iodine occurs when the tracer dose is used. 
When the other amounts are administered, particularly 0.5 mg., 
the amount of circulating iodine is undoubtedly increased. In 
each case a fraction of the circulating iodine enters the gland, but 
in each case a unit of radioactivity represents a different quantity 
of blood iodine. Since these amounts of circulating iodine are not 
known, the percentages of the administered labeled iodine found 
in the glands cannot be expressed in mg. of iodine. Although a 
dilution mechanism is suggested as an explanation for the differ- 
ences observed in the uptake of the thyroid gland when the above 
three doses of labeled iodine were employed, it should nevertheless 
be noted that no proof for this view is offered. This must await 
careful and detailed blood iodine measurements. 

In view of the rapid entrance of labeled iodine into the gland, 
it is somewhat surprising to find that its release from this tissue 
takes place at a remarkably slow rate. This fact is particularly 
well brought out in the experiments in which rats received 0.03 
and tracer amounts of labeled iodine (Fig. 4), for in these cases 
observations on the iodine content of the glands were extended to 
360 hours. When the former dose was employed, maximum con- 
centration of radioiodine appeared as early as 48 hours, but this 
same amount was still present in the gland as late as 192 hours. 
Even at 384 hours more than half the amount found in the gland 
at 48 hours was still present. The story for the tracer dose is not 
much different. In this case the maximum concentration of 
radioiodine appeared as early as 24 hours; namely, 65 per cent of 
the administered labeled iodine. But at 96 hours 40 per cent was 
still contained in the thyroid gland, and at 192 hours over 20 per 
cent remained in the whole gland. The simplest, though not 
necessarily the only, explanation of this phenomenon (viz. the 
rapid uptake as compared with a very slow release) would appear to 
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lie in the fact that the labeled iodine entering the gland is greatly 
diluted by the relatively large amounts of iodine already present in 
the normal gland. If, on the other hand, the entering radioiodine 
had comprised a large part of the total thyroid iodine, its rapid 
entrance would have been followed by an equally rapid release. 

Tissues Other Than Thyroid—Although the amounts of labeled 
iodine that appeared in liver, small intestine, kidneys, muscle, 
adrenals, testes, skin, blood, and brain differed widely at the early 
intervals, its rate of removal from these tissues was roughly 
similar. Maximum concentrations were always observed in these 
tissues at the first interval, when the concentration of labeled 
iodine in the blood was highest. The parallelism observed in the 
loss of labeled iodine by these tissues and by blood suggests a 
diffusion of iodine in and out of these tissues rather than a selec- 
tive retention. 


The samples of radioactive iodine used in this investigation were 
prepared in the Berkeley cyclotron by members of the Radiation 
Laboratory under the direction of Professor E. O. Lawrence, to 
whom our thanks are due. 
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According to Harington, two fractions, one “thyroxine-like” 
and the other “‘diiodotyrosine-like,”’ can account for all of the 
organic iodine found in the thyroid gland (1). The metabolism of 
these compounds has been reviewed recently by Salter (2). The 
labeling of iodine by radioactivity provides for the first time a 
desirable tool for the study of the endogenous or normal rates of 
formation of these fractions. In the present investigation tracer 
doses of radioiodine (3) were administered to normal sheep and 
rats, and at various intervals thereafter the amounts of labeled 
thyroxine and diiodotyrosine deposited in the thyroid gland were 
measured. 

EXPERIMENTAL 

Sheep'—-The sheep employed weighed approximately 35 kilos. 
Each animal was injected intraperitoneally with 3 cc. of an iso- 
tonic solution of saline containing tracer amounts of radioiodine. 
The labeled iodine was prepared in the manner previously de- 
scribed (3). The thyroid glands were removed at two intervals, 
t and 48 hours after the iodine injections; they were immediately 


* Aided by a grant from the Research Board of the University of Cali- 
fornia. The assistance furnished by the Works Progress Administration 
Official Project No. 65-1-08-652, Unit A6) is gratefully acknowledged. 

t Rosenberg Fellow in Physiology. 

1 Our thanks are due to Dr. R. J. Tompkins and to the Golden West 
Meat Company, Emeryville, for the supply of sheep glands. 
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frozen in CO, snow and kept so until analyzed. Before removal 
of the glands, the animals were bled. 

Rats—Radioactive iodine, in tracer doses, was fed by stomach 
tube to male rats weighing 160 to 180 gm. At intervals of 2, 4, 
18, and 96 hours, groups of four rats were sacrificed and their 
thyroids quickly removed, weighed, and placed in flasks for 
hydrolysis. To each flask were added 250 mg. of desiccated 
thyroid and 25 ec. of 2N NaOH, and the mixture was heated on 
a steam bath for 8 hours. The sheep thyroids were treated in a 
similar manner except that the addition of desiccated thyroid as 
carrier was not necessary. 

The hydrolysates were made up to a volume of 50 or 100 ce. 
and suitable aliquots removed for fractionation as well as for the 
determination of the total iodine radioactivity. For the latter 
purpose, the solution was ashed and its iodine isolated in the 
manner previously described (3 

Fractionation of Thyroid Iodine—The thyroid hydrolysate was 
separated into three iodine-containing fractions by a modification 
of the procedures devised by Leland and Foster (4) and by Blau 
(5). Butyl aleohol was used for the separation of thyroxine and 
diiodotyrosine. Inorganic iodine was removed from the fraction 
insoluble in butyl aleohol. Throughout the procedure ‘‘carriers”’ 
were used to advantage, since only the radioactivity of the various 
fractions was measured. 

An aliquot of the alkaline thyroid hydrolysate is adjusted to pH 
3.5 to 4, according to Blau’s method (5), and vigorously shaken in 
a separatory funnel with an equal volume of butyl alcohol. Com- 
plete separation of water and alcohol phases occurs in about 6 
hours (they may be left overnight at this stage). The aqueous 
layer is drained off into a second separatory funnel, and to this is 
added about 1 mg. of inert thyroxine’ as carrier. A second butyl 
alcohol extraction is then made with 0.5 volume of butyl alcohol. 
Both alcoholic extracts are now combined in a separatory funnel 
and to it are added approximately 1 mg. of diiodotyrosine, 1 cc. of 
0.02 m KI, and an amount of 20 per cent technical NaOH equal in 
volume to the combined alcoholic extract. This extraction in the 


2 The thyroxine used in this study was generously donated by E. R 
Squibb and Sons through the courtesy of Dr. G. A. Harrop and Dr. H 


Jensen 
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presence of KI and diiodotyrosine as carriers served to remove by 
dilution any radioactive inorganic iodine and diiodotyrosine that 
may be occluded or dissolved in the butyl alcohol. This treat- 
ment of the butyl alcohol is repeated with 0.5 volume of 20 per 
cent NaOH. Both aqueous alkaline washings are now combined 
with the aqueous residue of the butyl alcohol extraction; this con- 
tains the inorganic iodine and the diiodotyrosine. Thyroxine is 
present in the butyl alcohol layer. 

The butyl] alcohol extracts are transferred to a Kjeldahl flask and 
concentrated to complete dryness under reduced pressure at 55°. 
The residue is ashed; its iodine is isolated and radioactivity deter- 
mined in the manner previously described (8). 

The combined aqueous extracts are made acid to methyl orange 
with H,SO,. 1 ec. of 0.02 m KIO; is added and the resulting iodine 
quickly extracted with carbon tetrachloride. Three extractions 
are sufficient for its complete removal. The carbon tetrachloride 
washings now contain all the inorganic iodide of the thyroid 
hydrolysate. The remaining aqueous layer, which still holds the 
diiodotyrosine fraction, is ashed without further treatment; 20 
cc. of 50 per cent CrO ; solution and 40 ec. of 1:1 H2SO, were added 
for each 20 ec. of original hydrolysate. 

To determine the reliability of the method, the following tests 
were made. (1) Small amounts of radioactive iodide were added 
to samples of desiccated thyroid. The mixture was hydrolyzed 
with NaOH and fractionated in the manner described above. 
The radioactivity was quantitatively recovered in the carbon 
tetrachloride layer. This shows that no loss of inorganic iodine 
occurred during hydrolysis and separation, and that no iodide was 
organically bound during the process. (2) Radioactive diiodo- 
tyrosine was synthesized according to the procedure of Harington 
(6) by the use of radioiodide. A few mg. of this preparation were 
added to desiccated thyroid and the mixture carried through the 
above procedure. No radioactivity was found in the butyl 
alcohol fraction; 3 per cent of it, however, appeared in the inor- 
ganic fraction. Apparently no synthesis of thyroxine occurs dur- 
ing the procedure, but a small fraction of the diiodotyrosine does 
break down to inorganic iodide. 

Although it was not found possible to prepare radioactive 
thyroxine of sufficient strength to test its recovery, it is neverthe- 
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less clear that the thyroxine values obtained by this method of 
fractionation are low, since it is not synthesized from iodide or 
diiodotyrosine and some of it is probably destroyed (Blau (5)). 
The diiodotyrosine values obtained by this fractionation are not 
necessarily low, since its breakdown is slight and some iodine may 
appear here from the destruction of thyroxine. The values ob- 
tained by the present procedure for inorganic iodine are probably 
a little high because of the slight breakdown of diiodotyrosine 
noted above. 
Results 


Sheep Thyroid— Measurements of the various labeled fractions 
in the gland were made at two intervals after the feeding of tracer 
amounts of labeled iodine; 7.e., at 4 and 48 hours. The values are 
recorded in Table I. Considerable differences were observed in 
the gland’s uptake of labeled iodine at each interval. Thus 
between 2 and 12 per cent of the administered labeled iodine was 
found in both glands of the sheep at the earlier interval; the values 
at 48 hours were as high as 39 per cent. Both glands in these ani- 
mals weighed 2 to 2.8 gm.; the total body weight was 35 kilos. As 
much as 10 per cent of the administered labeled iodine was found 
as diiodotyrosine at the 4 hour period; as much as 30 per cent was 
in this form 48 hours after the I* administration. Much less of 
the labeled element found its way into the “thyroxine-like’’ 
fraction: less than 1 per cent at 4 hours and a maximum of 3.4 per 
cent at 48 hours. 

Despite these fluctuations in the actual amounts of labeled 
iodine uptake by the gland, its partition, as measured by the per- 
centage of the total thyroid I* deposited as labeled thyroxine and 
diiodotyrosine,? remained fairly constant at each interval. Thus 


} Fluctuations in the actual amounts or percentages of the administered 
labeled iodine that found their way into the two fractions, thyroxine and 
diiodotyrosine, could be due in part to differences in the amounts of circu- 
lating inorganic iodide present in these animals at the time of injection of 
the radioiodine. As already noted in Paper I (3), the tracer doses of 
radioiodine serve to label the circulating iodine as soon as it mixes with 
blood iodine. It is the amount of circulating iodine that determines the 
percentage of circulating iodine removed by the gland for conversion to 
thyroxine and diiodotyrosine. For this reason the relative distribution of 
total labeled thyroid iodine between the two organic fractions is a more 
significant measurement than the actual percentage of the administered 


radioiodine found either as thyroxine or as diiodotyrosine. 
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4 hours after the administration of I*, 82 to 88 per cent of the total 
labeled thyroid iodine was present in the glands as diiodotyrosine; 
from 5 to 7 per cent as thyroxine. Despite the increased uptake of 
total I* at 48 hours as compared with the 4 hour interval, the pro- 
portion of total thyroid I* incorporated in the thyroxine and 
diiodotyrosine changed but little; at 48 hours 76 to 80 per cent of 
thyroid iodine was present in the diiodotyrosine fraction, 8 to 9 
per cent as thyroxine. 

Rat Thyroid—The weights of the rat thyroids varied from 10 to 
21 mg. The values shown in Table II for labeled iodine or frac- 


TABLE | 
Sheep Thyroids 


Per cent of administered I* recovered in Per cent of total 
whole thyroid gland thyroid I* found as 
: Time . 
Ani- « | Weight |- 
mal ar, of | Total As As As Total | | 2s 
No. | istration | &'8>d8 ae thyrox-) diiodo- | inor- “aa —_ —— Inor- 
r ty n MIC io, 3 ¢ : 3 
mined | fas | gine | et lear | ‘ne | ‘ine | eam 
hee. | om | || or i a 
7 4 2.08 2.28 | 0.12 1.99 | 0.20 2.31 | 5.4 | 86.0 | 8.7 
3 4 2.06 | 13.00 | 0.95 | 10.58 | 1.32 | 12.85 | 7.5 | 82.3 | 10.3 
) 4 | 2.82 | 11.90 | 0.71 | 10.00 | 0.63 | 11.33 | 6.3 | 88.2| 5.5 
10 48 1.95 | 25.50 | 2.26 | 20.70 | 3.24 | 26.20 | 8.6 | 79.0 | 12.4 
11 | 48 | 2.66 | 38.80 | 3.44 | 29.80 | 4.29 | 37.53 | 9.2 | 79.5 | 11.4 
12 | 48 | 1.52%) 10.48* 0.79*| 7.40% 1.52%) 9.71*| 8.1 | 76.3 | 15.7 


* These values do not represent the content ofthe whole gland. It was 
severed during its removal from the neck. 


tions thereof represent the amounts found in the whole of the 
thyroid gland removed from each rat. 11 to 17 per cent of the 
fed labeled iodine was found in the thyroid glands of the rat at the 
2 hour interval. Larger amounts were deposited at 48 and 96 
hours. Thyroxine is rapidly formed in rat thyroid. 1.5 to 3 
per cent of the administered I* was found as thyroxine as early as 
2 hours and from 1.5 to 5 per cent at the end of 4 hours. The 
amounts of thyroxine found at 48 and 96 hours varied consider- 
ably; the highest value observed was 16 per cent. 

In all cases a larger percentage of the I* was found as diiodotyro- 
sine than as thyroxine. Uniform amounts as diiodotyrosine were 
not found at either 4 or 48 hours. At 4 hours the lowest and 
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highest values were respectively 7 and 17 per cent. At 48 hours 
as little as 7 per cent and as high as 32 per cent of the administered 
labeled iodine appeared as diiodotyrosine. 

It is again of interest to note that despite the marked fluctua- 
tions in the amounts of administered labeled iodine deposited as 
either thyroxine or diiodotyrosine, the proportion of the total 
radioactive thyroid iodine deposited in each fraction remained 


TaBLe II 
Rat Thyroids 


Per cent of administered I* recovered Per cent of total 

| in whole thyroid gland thyroid I* found as 
Rat het |W eight 2. 
No. admin- bs Total As As | As otal 

| istration | #@"ds deter- | thyrox- — inor- — Thy- oe Inor- 

—_ ane eine ganic |79) 4 (3) | Toxine pa ie ganic 

(1) (2) 3) | + (4 

hrs mg. 
22 | 2 | 14.8| 10.8 | 1.56 14.4 
23 2 17.1 | 17.3 | 3.18 18.4 
24 2 16.1 | 12.9 | 1.73 13.4 
25 2 20.9 | 15.3 | 1.94 12.7 
14 } 19.3 | 25.7 | 4.73 | 17.40) 2.08 | 24.2 18.4 | 67.7 8.1 
15 4 15.8 | 16.2 | 3.52 | 11.30) 1.41 16.2 | 21.7 | 69.8 8.7 
16 4 18.5 | 13.4 | 2.47 9.80) 1.21 13.5 | 18.4 | 73.1 9.0 
17 4 16.5 | 10.5 | 1.68 7.39) 0.90 9.9 | 16.0 | 70.4 8.6 
18 48 11.1 | 32.4 | 9.82 | 17 90) 3.18 | 30.9 | 30.6 | 55.2 9.8 
19 48 15 2 | 28.6 | 9.63 | 15.60) 3.74 | 29.0 | 33.7 | 54.4 | 13.1 
20 48 18.8 | 10.7 | 3.25 6.70) 1.02 | 10.9 | 30.4 | 62.7 9.5 
21 48 19.1 | 52.2 |15.80 | 31.80) 4.17 | 51.8 | 30.3 | 60.9 8.0 
26 | 96 13.2 | 24.6 | 5.61 22.8 
27 96 10.5 | 37.3 | 8.85 23.7 
28 96 13.5 | 14.0 | 3.64 26.0 
29 96 13.6 | 15.7 | 4.04 25.7 


rather constant at each time interval. Thus, despite fluctuations 
in actual percentage of I* from 7.4 to 17.4 in the case of diiodotyro- 
sine and from 1.7 to 4.7 in the case of thyroxine at the 4 hour inter- 
val, these values represented from 68 to 70 per cent of the total 
labeled thyroid iodine in the case of diiodotyrosine and from 16 to 
22 per cent of the total thyroid I* in the case of thyroxine. This 
proportional distribution of the labeled thyroid iodine was not the 


same, however, at all intervals. The results indicate that a larger 
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fraction of the total labeled thyroid iodine is present in the form 
of thyroxine at 48 hours than at 4 hours. It is of interest to note 
here that, in reviewing the earlier work on radioiodine, Salter 
states that the thyroxine-like and diiodotyrosine-like fractions 
are deposited at a ratio of 1:2 in thyroids of patients suffering 
from Graves’ disease (2). 

SUMMARY 


The rates at which thyroxine and diiodotyrosine are deposited 
in the normal thyroid glands of sheep and rats were measured with 
radioactive iodine as indicator. Tracer amounts of labeled iodine 
(i.e. samples containing practically no iodine) were employed. 
Hence, the rates recorded are indicative of endogenous formation. 

1. Thyroxine is rapidly formed in the thyroid gland of both 
rats and sheep. As early as 2 hours after I* administration to 
rats weighing 160 to 180 gm., 1.5 to 3 per cent of it was retained 
as thyroxine in the entire thyroid glands that weighed only be- 
tween 11 and 21 mg. 4 hours after its intraperitoneal injection 
in sheep weighing 35 kilos, 0.1 to 0.9 per cent of the labeled iodine 
was found deposited in the whole thyroid glands (2 gm.). In- 
creased amounts of the administered I* appeared in this fraction 
at later intervals, and in a single case as much as 16 per cent was 
deposited as thyroxine in 19 mg. of rat thyroid in 48 hours. 

2. A larger percentage of the administered I* was found as 
diiodotyrosine than as thyroxine at all intervals in both rats and 
sheep. From 7 to 17 per cent of the administered labeled iodine 
was deposited as diiodotyrosine in rat thyroids in 48 hours; as 
high as 32 per cent of the labeled iodine was found in this frac- 
tion at the end of 48 hours. 

3. Despite a good deal of fluctuation in the actual amounts of 
labeled iodine deposited as thyroxine and diiodotyrosine in the 
gland, the proportion of the total labeled thyroid iodine represented 
by each of these fractions remained fairly constant at each time 
interval. 


The samples of radioiodine used in this investigation were 
prepared in the Berkeley cyclotron by members of the Radiation 
Laboratory under the direction of Professor E. O. Lawrence, to 
whom our thanks are due. We are also grateful to Dr. J. G. 
Hamilton for the isolation of the iodine without carrier. 
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CONCERNING THE CHEMICAL COMPOSITION OF 
CYSTICERCUS FASCIOLARIS 


Il. THE OCCURRENCE OF A CEREBROSIDE CONTAINING DI- 
HYDROSPHINGOSINE AND OF HYDROLECITHIN IN 
CYSTICERCUS LARVAE* 


By ALEX LESUK anp R. J. ANDERSON 


(From the Department of Chemistry, Yale University, New Haven) 
(Received for publication, February 14, 1941) 


In a recent investigation on the chemical composition of 
Cysticercus fasciolaris Salisbury and Anderson (1) found that 
about 34 per cent of the lipids extracted with alcohol-ether and 
chloroform, following extraction with acetone, were insoluble in 
anhydrous ether. Preliminary examination of the ether-insoluble 
substance indicated that it was a mixture of cerebroside and 
phospholipid. 

We have studied more closely the ether-insoluble portion of the 
lipids of Cysticercus fasciolaris and have succeeded in separating 
this material into a cerebroside which was practically free from 
phosphorus and into a phospholipid which contained only a trace 
of cerebroside. The purification and chemical composition of 
these components form the subjects of the present report. 

The cerebroside was found to be predominantly hydrophrenosin 
which on hydrolysis yielded galactose, phrenosinic acid, a small 
amount of lower fatty acids which could not be identified, and a 
‘saturated nitrogenous base that corresponded in composition to 
dihydrosphingosine. The presence of dihydrosphingosine in a 
naturally occurring cerebroside is quite unusual, because all pre- 
viously described cerebrosides contain the unsaturated base 
sphingosine. 

The phospholipid was found to correspond in composition to a 
monoaminomonophosphatide but it contained a trace of cere- 


* This investigation has been supported by a grant from the Inter- 
national Cancer Research Foundation. 
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broside as impurity. On hydrolysis the substance gave fatty acids, 
glycerophosphoric acid, and choline; t.e., cleavage products typical 
of lecithin. The fatty acids, however, differed from those of 
ordinary lecithin in that they were nearly completely saturated 
and consisted mainly of palmitic acid. In fact the substance was 
essentially a dipalmitolecithin. The occurrence of hydrolecithin 
in animal tissues is very unusual and so far as we know has not 
previously been reported. 

The presence of hydrophrenosin and hydrolecithin in relatively 
large amounts in Cysticercus larvae would suggest that certain 
peculiar metabolic processes occur in this parasite. It would be 
of interest to determine whether the mature form of the parasite, 
Taenia taeniaformis, the common tapeworm of the cat, also con- 


tains the same constituents. 


EXPERIMENTAL 


The materials used in this investigation were generously provided 
by Dr. W. F. Dunning and Dr. M. R. Curtis of the Crocker Insti- 
tute of Cancer Research, Columbia University. This material 
consisted of three different fractions, (a) the larvae of Cysticercus 
fasciolaris such as were used in the first investigation (1); (0) 
larvae plus the cyst membranes; (c) the cyst membranes alone. 
The fresh tissues were dried immediately over calcium chloride 
in vacuum desiccators from which the air had been displaced with 
carbon dioxide. 

The dried fractions as received in the laboratory were first 
exhaustively extracted with acctone and later with alcohol-ether 
and finally with chloroform, as described in the former paper 
(1). The amounts of lipids obtained are given in Table I and are 
calculated on a water-free basis. 

Isolation of Ether-Insoluble Lipids—The lipids contained in the 
acetone extracts were not examined, since it was found and re- 
ported in a former paper (1) that this material consisted mainly 
of cholesterol. The lipids extracted with alcohol-ether and with 
chloroform were combined and dissolved in a small volume of 
chloroform. The solution was diluted with 15 volumes of an- 
hydrous ether and cooled in the refrigerator overnight. A yellow- 
ish amorphous precipitate which separated was centrifuged off 
and washed with ether. The mother liquor on concentration to 
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a small volume, dilution with anhydrous ether, and cooling gave 
an additional small amount of precipitate which was collected, 
washed with ether, and combined with the first lot. 

The mother liquors on concentration to dryness left residues 
which were easily and completely soluble in ether. The ether- 
soluble lipids from the three source materials were recovered 
separately and reserved for future investigations. 

The quantities of ether-insoluble lipids obtained are shown 
in Table II. 

TABLE | 
Lipids and Ash in Cysticercus Larvae and in Cyst Membranes 


Cysticercus er = | Cyst 
larvae etemiennes membranes 
‘ a 1) eas ate 
Dried material, gm. | 799 360 | 105.5 
Ash, % 15.78 8.85 
Acetone extract, gm. 20.213 12.711 | 5.961 
Alcohol-ether extract, gm. 21.890 10.480 2.720 
Chloroform extract, gm. 0.702 | 0.634 0.034 
Total lipids, gm. 42.805 | 23.825 | 8.715 
S ~ 5.35 6.61 8.26 
TaBLe II 
Ether-Insoluble Lipids 
Cysticercus Lar pe Cyst 
larvae I, oo membranes 
Total lipids from aleohol-ether and 
CHCl; extracts, gm. 22 .592 11.114 2.754 
Ether-insoluble lipids, gm. 6.50 2.817 1.110 
P - = 28.7 , 25.3 40.3 


0 


Purification of the Ether-Insoluble Lipids—For purification the 
ether-insoluble lipid fractions were dissolved in about 5 volumes 
of chloroform and warm alcohol was added to faint turbidity. 
Nearly white amorphous powders separated as the solutions were 
cooled to room temperature. The precipitates were filtered off, 
washed with cold alcohol, and dried in vacuo. The mother liquors 
on concentration and cooling gave additional small amounts of 
precipitates which were collected and combined with the first 
crop. The following amounts were obtained: (a) from Cysticercus 
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larvae 5.04 gm., m.p. 215-220° with decomposition, P 1.75 per 
cent; (b) from larvae plus cyst membranes, 1.81 gm., m.p. 215-220° 
with decomposition, P 1.76 per cent. These two fractions were 
combined and examined as will be described below. (c) The 
corresponding material from the cyst membranes weighed about 
0.5 gm. It was of reddish color and contained 2.56 per cent 
of phosphorus; hence it was kept separate and has not yet been 
investigated. 

Separation of Cerebroside and Phospholipid—The fractions (a) 
and (b) mentioned above appeared to be identical with the cere- 
broside-phospholipid mixture encountered by Salisbury and Ander- 
son (1). The fractions were combined and precipitated first 
from chloroform solution by addition of ether and then from 
chloroform with addition of alcohol. These operations yielded a 
nearly white amorphous powder that weighed 5.57 gm. 

Since we were under the impression that we were dealing with 
a mixture of cerebroside and sphingomyelin, we tried to separate 
the components by the procedure recommended by Rosenheim (2). 
The substance was dissolved in warm pyridine and the precipitate 
that separated on cooling to room temperature was filtered off 
and washed with pyridine. This fraction weighed 2.459 gm. and 
consisted of crude phospholipid. It was purified as will be de- 
scribed later. The filtrate and washings on evaporation todryness 
in vacuo left a residue consisting of crude cerebroside that weighed 
3.086 gm. 

Purification of Cerebroside The crude cerebroside was found 
to contain 0.4 per cent of phosphorus. In order to remove ad- 
mixed phospholipid the substance was treated according to Klenk’s 
(3) procedure in hot methyl alcoholic solution with cadmium 
acetate and the precipitate that separated was filtered off. The 
material recovered from the solution, after the excess of cadmium 
had been removed, was dissolved in a hot mixture of chloroform 
and methyl alcohol, 2:1. The cerebroside which separated on 
cooling was filtered off and washed with cold chloroform. For 
the final purification the substance was dissolved in hot methyl 
alcohol and as the solution cooled a white crust was deposited on 
the sides and bottom of the flask. The solid product, which 
showed no definite crystalline structure, was collected, washed with 
methyl] alcohol, and dried in vacuo. It weighed 1.95 gm. and on 
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trituration formed a fine white powder. The substance was free 
from sulfur. Heated in a capillary tube the substance sintered 
at about 140°; and at about 170° somewhat opaque droplets, 
apparently liquid crystals, formed which melted to a clear fluid 
at 212-214°. 


Rotation—0.1673 gm. of substance dissolved in 3 ce. of pyridine gave, 
in a 1 dm. tube, a = +0.51°; hence [a]> = +9.1° 

Mol. wt. (Rast) 810. Iodine No. (Hanus) 0.3 

Analysis—Found, C 67.57, H 11.69, N 1.67, P 0.02 


The values found agree approximately with the calculated com- 
position of dihydrophrenosin plus 1 H,O. The small amount of 
phosphorus would indicate that the substance still contained 
about 0.5 per cent of phospholipid as an impurity. 

The substance was evidently saturated, since practically no 
iodine was absorbed, and accordingly it represented an unusual 
type of cerebroside. 

Hydrolysis of Cerebroside—The cerebroside, 1.8 gm., was rubbed 
into a fine suspension with 50 cc. of 5 per cent sulfuric acid and the 
mixture was refluxed for 26 hours. The insoluble material was 
filtered off, after the mixture had cooled, washed thoroughly with 
water, and dried in vacuo. The filtrate and washings were ex- 
tracted with ether and the extract, after being washed with water, 
was dried over sodium sulfate, filtered, and evaporated to dryness. 
The residue was combined with the water-insoluble fraction and 
examined, as will be described later. 

The Water-Soluble Component. Identification of Galactose—The 
aqueous solution gave a red color when heated with phloroglucinol 
and hydrochloric acid, but no coloration was ebtained with orcinol, 
thus indicating the presence of galactose and absence of pentose. 
The sulfuric acid was removed quantitatively with barium hy- 
droxide, after which the solution was concentrated in vacuo to 
a volume of about 4.0 cc. To the solution were added 1.5 cc. of 
absolute alcohol and 0.4 gm. of methylphenylhydrazine. The 
hydrazone began to crystallize immediately and after the solution 
had stood in the refrigerator overnight the crystals were filtered 
off, washed with cold 30 per cent alcohol, and dried in vacuo, 
The crude hydrazone, 0.49 gm., was recrystallized from 30 per 
cent alcohol after treatment with norit and gave 0.31 gm. of prac- 
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tically colorless needle-shaped crystals, m.p. 190° with decomposi- 
tion. ‘There was no depression of the melting point when mixed 
with an authentic sample of galactose methylphenylhydrazone, 


which also melted at 190°. 


Analysis—C,3;H20O;N2(284). Calculated. C 54.92, H 7.04 
Found, ** 54.84, ** 7.15 


The properties and composition indicate that the substance was 
pure galactose methylphenylhydrazone. 

The Water-Insoluble Components. Separation of Dihydro- 
sphingosine from the Fatty Acids—The water-insoluble components 
were dissolved in hot methyl alcohol and a hot methy! alcoholic 
solution of barium hydroxide was added until the reaction was 
alkaline. When the solution had cooled, acetone was added until 
no further precipitation occurred. The mixture was cooled in the 
refrigerator overnight, after which the barium salts were removed 
by filtration and washed with cold acetone. The filtrate was con- 
centrated to dryness and the residue was extracted thoroughly 
with hot acetone The acetone solution was evaporated to dry- 
ness and the residue was dissolved in alcohol and the solution, 
after it had been diluted with water, was made alkaline with 
potassium hydroxide and extracted with ether. The ethereal 
extract was washed with water, dried over sodium sulfate, filtered, 
and evaporated to dryness. The residue was dissolved in 30 ce. 
of alcohol and the solution was carefully neutralized with a dilute 
alcoholic solution of sulfuric acid. The indicator used was a 
mixture of methyl red and tetrabrom-phenol blue. An excess of 
sulfuric acid must be avoided, since the acid sulfate of hydro- 
sphingosine is easily soluble in alcohol. The white amorphous 
precipitate that separated was filtered off, washed with cold 
alcohol, and dried in vacuo. The amorphous powder, 0.505 gm., 
was twice recrystallized from methyl alcohol and was obtained 
as colorless needles that weighed 0.392 gm. 

The substance resembled sphingosine sulfate in solubility but 
it was a saturated compound, because in alcoholic solution it did 
not decolorize a dilute solution of bromine and the iodine number 
determined by the Rosenmund-Kuhnhenn method (4) was only 2.1. 

Heated in a capillary tube, the substance darkened, sintering 
gradually, and melted with decomposition at 265°. 
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Analysis—(C,sH3902N )2H:SO,(700) 
Calculated. C 61.71, H 11.14, N 4.00, OH 9.71, H.SO, 14.00 
Found. “Ge, * Ua’ 3. * 68, § 2m 


The amount of sulfuric acid was determined by titration in 
alcoholic solution with alcoholic potassium hydroxide, with phenol- 
phthalein as indicator. 

The analytical results indicate that the substance was dihydro- 
sphingosine sulfate. The occurrence in a cerebroside of dihydro- 
sphingosine is most unusual, since dihydrosphingosine has been 
obtained previously only by hydrogenation of sphingosine. 

The constitution of sphingosine has apparently not been defi- 
nitely established. The investigations of Klenk (5) and of Klenk 
and Diebold (6) would indicate that the old formula, C,;H3;0.N, 
is incorrect but based on their work a new formula, C;sH37O.N, 
was proposed. If the new formula is correct, then dihydrosphingo- 
sine should be represented by the formula C;sH390.N. It will 
be noted that the results obtained in our analysis agree more 
closely with the calculated values of the new than with the old 
formula. 

Examination of the Fatty Acids—The fatty acids were isolated 
in the usual manner from the barium salts mentioned above and 
after being dried in vacuo weighed 0.73 gm., which is equivalent 
to 40.5 per cent of the cerebroside. The substance was dissolved 
in aleohol and separated according to the procedure of Klenk (7) 
by means of magnesium acetate. The acids recovered from the 
alcohol-insoluble magnesium salt weighed 0.518 gm. and those 
from the soluble magnesium salt weighed 0.20 gm. 

The Phrenosinic Acid—The acid recovered from the insoluble 
magnesium salt was precipitated repeatedly from a mixture of hot 
aleohol-acetone, 1:1, by cooling slowly until the melting point of 
the acid was constant at 90-92°. The acid separated in the form 
of colorless, fine globular particles that showed no definite crystal- 
line structure. The purified acid weighed 0.276 gm. and gave 
the following values on analysis. 

Rotation—0.2110 gm. of acid dissolved in pyridine and diluted to 10 ce. 
gave, in a 1 dm. tube, a = +0.09°; hence [a]> = +4.26°. 

Analysis—C.,H4s03(382). Calculated. C 75.00, H 12.50 

C25H5003(398). ” ‘* 75.37, ** 12.56 
Found. ** 75.16, ** 12.39 
Mol. wt. by titration 392 
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According to Chibnall et al. (8) phrenosinic acid as ordinarily 
obtained represents a mixture of several a-hydroxy acids. The 
acid described above is evidently a mixture of hydroxy acids cor- 
responding to what is usually called phrenosinic acid or cere- 
bronic acid. 

The fatty acid isolated from the aleohol-soluble magnesium salt 
was apparently a mixture from which no pure acid could be ob- 
tained. The acid did not crystallize, but separated from 70 per 
cent alcohol as a white amorphous powder. It melted at 57° 
and the molecular weight determined by titration was 297. On 
analysis the following values were found, C 76.71, H 12.81. It 
is evident from the analytical results that the substance was a 
mixture of lower acids and that very little lignoceric acid could 
have been present. 

Purification of the Phospholipid Fraction—The crude _ phos- 
pholipid resembled sphingomyelin in solubility and it was there- 
fore purified by the procedure recommended by Levene (9) for the 
preparation of pure sphingomyelin. The substance, 2.459 gm., 
was dissolved in 125 ce. of glacial acetic acid at 55° and the solution 
was allowed to stand at room temperature overnight. The slight 
precipitate which had separated was removed by filtration and 
the filtrate was evaporated to dryness in vacuo. ‘The residue was 
dissolved in 100 cc. of a mixture of ligroin-absolute alcohol, 5:1, 
by warming, after which about 75 cc. of absolute alcohol were 
added and the cloudy solution was allowed to stand in the re- 
frigerator overnight. A slight, dark colored precipitate which had 
separated was filtered off and the filtrate was evaporated in vacuo 
to dryness. The residue was dissolved in 80 ee. of 1:1 chloro- 
form-pyridine at 50° and the solution was allowed to stand at 
room temperature overnight. The precipitate was filtered off, 
washed with ether, redissolved in 50 cc. of hot methyl alcohol and 
50 ce. of pyridine were added. A nearly colorless precipitate, 
which separated as the solution was cooled, was filtered off and 
washed with pyridine and with ether. The substance was finally 
dissolved in 50 cc. of warm pyridine and the solution was cooled, 
whereupon a white amorphous precipitate separated which was 
filtered off, washed with pyridine and with ether, and dried in 
vacuo over sulfuric acid. The several mother liquors were con- 
centrated and yielded additional small quantities of material 
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which was purified as mentioned above. The total yield of purified 
phospholipid amounted to 1.93 gm. and it was a white amorphous 
powder. 

Properties and Composition of Purified Phospholipid—Heated in 
a capillary tube, the substance sintered at 72° and at 81° minute, 
semiliquid droplets formed, apparently liquid crystals, which 
melted with decomposition at 230-231°. 


Rotation—0.1509 gm. of substance dissolved in chloroform and diluted 
to 3.0 cc. gave, ina 1 dm. tube, a = +0.36°; hence la]b = +7.1° 

Analysis—Found, C 63.34, H 11.07, P 3.96, N 1.80. Iodine No. (Hanus) 
4.4. Mol. wt. (Rast) 838 


The nitrogen to phosphorus ratio, which was 1:1, and the low 
iodine number indicated that the substance was a monoamino- 
monophosphatide containing mainly saturated fatty acids. 

Hydrolysis of Phospholipid—1.639 gm. of the substance were 
rubbed into a fine suspension in 60 ec. of 5 per cent sulfuric acid 
and refluxed for 6 hours. After the mixture had cooled, the fatty 
acids were filtered off, washed with water, resuspended in 50 cc. 
of 5 per cent sulfuric acid, and refluxed for 24 hours. That the 
hydrolysis was completed at this time was indicated by the fact 
that the fatty acids formed a clear oily layer on the surface of the 
hot aqueous solution. The fatty acids were filtered off after the 
solution had cooled and washed with water and examined, as will 
be described later. 

Examination of the Water-Soluble Constituents—The two aqueous 
filtrates and washings mentioned above were combined and ex- 
tracted with ether. The ethereal extract was washed with water, 
dried over sodium sulfate, filtered, and evaporated to dryness. 
The slight residue thus obtained was combined with the fatty 
acids. 

The aqueous solution was concentrated in vacuo, made up to a 
volume of 100 cc., and analyzed for nitrogen and phosphorus, 1.0 
ee. of the solution being used for each determination. The values 
found showed that 97.7 per cent of the nitrogen and 99.4 per cent 
of the phosphorus contained in the phospholipid were present in 
the aqueous solution. The balance of the solution, 98.0 cc., was 
freed quantitatively of sulfuric acid with barium hydroxide and 
the barium sulfate was removed by filtration. The filtrate was 
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concentrated in vacuo to about 55.0 ec., after which it was neu- 
tralized to phenolphthalein with barium hydroxide. A slight 
precipitate that separated consisted of barium phosphate and was 
removed by filtration. To the filtrate were added 2 volumes of 
aleohol, whereupon a white flocculent precipitate of barium glye- 
erophosphate separated which was filtered off, washed with dilute 
alcohol, and with alcohol, and dried in vacuo. 

The filtrate and washings were saved and examined for nitrog- 
enous constituents. 

Barium Glycerophosphate—The barium salt referred to above 
weighed 0.569 gm. It was twice precipitated from aqueous solu- 
tion by addition of alcohol and was obtained as a snow-white 
amorphous powder that was easily soluble in water; it weighed 
0.425 gm. For analysis the salt was dried to constant weight at 


100° in vacuo. 


Analysis—C,;H;0O,;,PBa(307.4). Calculated. Ba 44.70, P 10.08 
Found. ? a. eae 


The values found are in agreement with the calculated composi- 
tion of barium glycerophosphate. 

Isolation of Choline As Chloroplatinate—The filtrate from the 
barium glycerophosphate was acidified with hydrochloric acid and 
concentrated to dryness in vacuo. The residue was extracted 
three times with absolute alcohol. The extracts were combined 
and concentrated in vacuo to a volume of 25 cc. The addition of 
an alcoholic solution of chloroplatinic acid in slight excess gave a 
yellow precipitate which was filtered off, washed with absolute 
alcohol, and dried in vacuo. The substance weighed 0.529 gm. and 
after two recrystallizations from water by addition of alcohol 
0.423 gm. of orange-colored crystals was obtained. 


Analysis—(Cs5H,,ONC1),PtCl,(616). Calculated, Pt 31.68; found, Pt 
31.60 


The filtrate from the choline chloroplatinate was evaporated to 
dryness. The residue was dissolved in water, acidified with hy- 
drochloric acid, and the excess of platinum was removed with 
hydrogen sulfide, and filtered off. The filtrate on evaporation to 
dryness left a very small residue which was not further examined. 
The results obtained indicate that the principal nitrogen compound 
present in the phospholipid was choline. 
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Examination of the Water-Insoluble Constituents—The crude fatty 
acids obtained as mentioned previously were dissolved in 50 ec. 
of hot methyl alcohol and to the solution was added a hot saturated 
solution of barium hydroxide until the reaction was strongly 
alkaline. The mixture was heated to boiling, cooled, diluted with 
acetone, and the barium soaps were filtered off and washed with 
acetone. The filtrate and washings were evaporated to dryness 
in vacuo and the residue was extracted with hot acetone. The 
insoluble portion was added to the barium soaps and the latter 
were examined as will be described later. 

The acetone extract on evaporation to dryness left a residue 
which weighed 55 mg. The substance was dissolved in 3 cc. of 
alcohol and the solution was carefully neutralized with dilute 
alcoholic sulfuric acid. The white precipitate which separated 
was filtered off, washed with cold alcohol, and recrystallized from 
a small volume of alcohol. The white crystals that were obtained 
weighed 11 mg. and apparently represented dihydrosphingosine 
acid sulfate. 


Analysis—C, sH3s02.N H,S8SO,(399). Calculated, N 3.50; found, N (Kjel- 
dahl) 3.45 


The Fatty Acids—The fatty acids recovered from the barium 
soap weighed 1.144 gm., corresponding to about 69.8 per cent of 
the phospholipid. Since the phospholipid possessed a low iodine 
number, an attempt was made to separate the unsaturated from 
the saturated fatty acids by the lead soap-ether procedure. The 
ether-soluble lead soap yielded 0.105 gm. of fatty acids, while the 
acids recovered from the ether-insoluble lead soap weighed 
0.999 gm. 

The acid isolated from the ether-soluble lead soap was a semi- 
solid mass. The iodine number was 11.2 and the equivalent 
weight determined by titration was 472. This fraction was un- 
doubtedly a mixture and owing to the small amount was not 
further examined. 

The main fatty acid fraction obtained from the ether-insoluble 
lead soap was examined as follows: In order to remove any higher 
hydroxy acid such as phrenosinic acid, which might be a possible 
contaminant derived from cerebroside, the total crude acid was 
dissolved in 50 ec. of hot alcohol and a hot alcoholic solution of 
magnesium acetate was added carefully until no further precipita- 
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tion occurred. The precipitate was removed immediately by 
filtration and washed with hot alcohol, after which the free acid 
was recovered in the usual manner. The acid weighed only 29 
mg. and its equivalent weight determined by titration was 396. 
Its properties resembled those of the phrenosinic acid isolated from 
the cerebroside fraction, but owing to the small amount available 
the acid could not be identified. 

The acid recovered from the alcoholic solution, after the acid 
mentioned above had been precipitated as the magnesium salt, 
weighed 0.969 gm. and its equivalent weight was 273. This frac- 
tion was esterified with diazomethane, after which the methyl 
ester was fractionated twice through a column of the Craig (10) 
type. The principal ester fraction, 0.783 gm., m.p. 27-28°, cor- 
responded to methyl palmitate. The distillation residues weighed 
0.153 gm. and evidently consisted of a mixture of methyl! palmitate 
and an ester of a higher acid, as shown below. 

Identification of Palmitic Acid—The ester fraction corresponding 
to methyl palmitate gave on saponification an acid which crystal- 
lized in thin colorless plates. After two recrystallizations from 
70 per cent methyl alcohol the acid melted at 62.5-64°. The 
molecular weight determined by titration was 256. 


Analysis—C,eH 3,0, (256). Calculated. C 75.00, H 12.50 
Found. *€ 74.92, ** 12.45 


The properties and composition of the acid indicate that it was 
pure palmitic acid. 

The ester residues mentioned above were combined, saponified, 
and the free acid was isolated. The acid did not give the usual 
plate-shaped crystals characteristic of higher acids, but separated 
as an amorphous powder from 70 per cent methyl alcohol. After 
it had been precipitated in this manner four times, the substance 
was obtained as a white amorphous powder that weighed 68 mg. 
It melted at 76-78°, and the molecular weight determined by 
titration was 368. 


Analysis—CyH,4s02(368). Calculated. C 78.26, H 13.04 
Found. ~ Tol ina 


The values found for molecular weight and for carbon and 
hydrogen are in agreement with the calculated composition of a 
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tetracosanoic acid but the low melting point would indicate that 
the acid was not pure. 


SUMMARY 


The ether-insoluble fraction of the lipids obtained from Cysti- 
cercus fasciolaris larvae has been found to consist of a mixture of 
a saturated cerebroside and a hydrolecithin. 

The cerebroside fraction was composed principally of dihydro- 
phrenosin. After hydrolysis the following products were isolated, 
galactose, phrenosinic acid, a small amount of lower fatty acids, 
and a saturated nitrogenous base corresponding in composition 
to dihydrosphingosine. 

The hydrolecithin was essentially dipalmitolecithin. The prin- 
cipal cleavage products obtained on hydrolysis consisted of pal- 
mitic acid, glycerophosphoric acid, and choline. 
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LETTERS TO THE EDITORS 





ON THE NITROGENOUS CONSTITUENT OF CEPHALIN 
Sirs: 

Experiments carried out by the writer during 1940 clearly 
showed that ethanolamine could not be the only nitrogenous con- 
stituent of cephalin. As an attempt to isolate the unknown com- 
ponent from the hydrolysate of 25 gm. of cephalin was unsuccessful, 
it was thought proper to postpone publication until it was possi- 
ble to repeat the isolation experiment on a somewhat greater 
scale. The evidence quite recently given by Folch and Schneider! 
of serine being a constituent of cephalin prompts me, however, to 
give a short account of my experiments. 

In work on blood serum phosphatides already published? the 
writer found a ratio of 2:3 between phosphorus not bound to 
choline and ethanolamine nitrogen. This was partly referred to 
losses inherent in the method used for the determination of 
ethanolamine. The possible presence of another nitrogenous 
constituent than choline and ethanolamine was pointed out, and 
at the same time it was emphasized that the question whether 
cephalin contains nitrogen in another form than ethanolamine 
could not be regarded as settled. 

In connection with these studies a series of ethanolamine de- 
terminations was performed on pure cephalin.* The analytical 
procedure used! is based on the volatility of ethanolamine at 
75-80° at a pressure of about 10mm. of Hg. With different prep- 
arations of cephalin, acid as well as alkaline hydrolysis of varying 
length of time, and with either ethanol or water as a solvent, in 
no instance was more than 25 to 50 per cent of the total nitrogen 
distilled as ethanolamine. It was further found that the fractions 
of cephalin least soluble in methanol contained less ethanolamine 
than fractions somewhat more soluble in this solvent. Moreover, 


1 Folch, J., and Schneider, H. A., J. Biol. Chem., 187, 51 (1941). 

2 Blix, G., Biochem. Z., 305, 129 (1940). 

? Prepared from ox brain according to Wadsworth, Maltaner, and Mal- 
taner (J. Immunol., 26, 25 (1934)) and free from choline. 
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the cephalin nitrogen which after hydrolysis could not be distilled 
off at 10 mm. of Hg and 80° did not distil even if the temperature 
was raised to 160°. This last result seemed to exclude the possi- 
bility that the unknown component is a near homologue of eth- 
anolamine or some other related amine, e.g. aminopropanediol, 
and, as all the nitrogen of cephalin is present as primary amino 
nitrogen, indicated that it may be a hydroxyamino acid, e.g. 
serine, which is closely related to ethanolamine. 

My results are thus in good agreement with those of Folch and 
Schneider and suggest a possible way for the separation of eth- 
anolamine cephalin from amino acid cephalin by means of an 
organic solvent. 

Institute of Medical Chemistry GUNNAR BLIx 
University of Upsala 
Upsala, Sweden 


Received for publication, March 22, 1941 














THE ISOLATION OF LANTHIONINE FROM HUMAN HAIR, 
CHICKEN FEATHERS, AND LACTALBUMIN 
Sirs: 

In a recent publication! the authors described the isolation from 
wool of a new thio ether diamino acid, lanthionine, HOOC- 
-CH(NH,)-CH2-S-CHe-CH(NH2)-COOH. The wool was first 
boiled for 1 hour with 2 per cent Na2CO; solution and the treated 
fiber was then hydrolyzed with 20 per cent HCl. The isolation 
of this amino acid raised the question whether other proteins 
than wool would yield lanthionine under similar treatment. 
We are now able to report that we have isolated lanthionine not 
only from the keratins, human hair and chicken feathers, but also 
from lactalbumin by following the same procedure as was used 
in the case of wool. It therefore seems probable that lanthionine 
may be similarly obtained from most proteins which yield cystine 
on acid hydrolysis. 

Another question of interest which presented itself was whether 
the reaction during pretreatment of the proteins with NasCO; 
represented a general alkali effect or was due to some influence 
peculiar to NaeCO;. That it was due to alkali effect was shown 
by the isolation of lanthionine from wool that had been boiled for 
| hour with 0.1 N NaOH or with 2 per cent NaS previous to acid 
hydrolysis. It is of interest to note, however, that when higher 
concentrations of alkali were used, for example N NaOH solution, 
all the wool was dispersed and hydrolysis of the products yielded 
cystine instead of lanthionine. 


Protein and Nutrition Research Division MiILLARD J. Horn 
Bureau of Agricultural Chemistry and Engineering D. BreEsE JONES 
United States Department of Agriculture 
Washington 


Received for publication, March 27, 1941 


1 Horn, M. J., and Jones, D. B., J. Biol. Chem., 138, 141 (1941). 
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ISOLATION OF A NUCLEOTIDE ESSENTIAL FOR THE 
GROWTH OF LACTOBACILLUS CASEI 


Sirs: 


Snell and Peterson! demonstrated the existence of a hitherto 
unrecognized growth factor for Lactobacillus casei which was 
distinct from riboflavin, pantothenic acid, nicotinic acid, and 
vitamin Bs. On the basis of certain chemical properties these 
workers suggested that the growth factor may be a purine. This 
communication deals with the isolation and chemical properties 
of this growth factor. 

The biological assay was carried out according to the technique 
described by Snell and Peterson. The factor was isolated from 
solubilized liver by adsorption on norit followed by elution with 
0.5 N NH,OH in 70 per cent methanol. Final purification was 
effected by fractionally precipitating the manganese salt of the 
factor with methanol. The most active preparation obtained by 
this method could not be further increased in activity by precipi- 
tation with heavy metals or by fractional precipitation from a 
concentrated aqueous solution. 

The final product had the properties of a nucleotide in that it 
contained nitrogen, phosphorus, and gave a positive Bial’s test 
for pentose. The pentose was not desoxyribose, as it gave a 
negative Feulgen test.2, Approximately half of the phosphorus 
was hydrolyzed by 0.5 N H,SO, at 100° in 2-hours, while the re- 
mainder was removed more slowly. Only half of the theoretical 
ribose was obtained by hydrolysis with 0.5 N H,SO,. Equal 
equivalents of phosphoric acid and ribose were obtained during 
the first 2 hours of hydrolysis. As purine nucleotides are hy- 
drolyzed rapidly and pyrimidine nucleotides more slowly, it 
appears that the active factor contains a purine and a pyrimidine 
nucleotide. This ‘dinucleotide,’ or mixture of nucleotides, 


1 Snell, E. E., and Peterson, W. H., J. Bact., 36, 273 (1940). 
2 Caspersson, T., Biochem. Z., 253, 97 (1932). 
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contains guanine but no adenine. The pyrimidine base has not 
yet been identified. 

This ‘‘dinucleotide” may be partially replaced by a combination 
of guanine and thymine. However, the amounts required of 
these free bases are much greater than that of the liver ‘‘dinucleo- 
tide.’ Either the purine or the pyrimidine alone has little effect 
on growth. The maximum growth rate which can be obtained 
with an excess of thymine plus guanine is less than that produced 
by the factor isolated from liver. These results are shown in the 


accompanying table. 


Supplement per 10 ml. 0.1 N acid produced 

medium per 10 ml. medium 
in 72 hrs. 
mil. 
None 1.5 
0.1 y liver “‘dinucleotide’’ 1.7 
ae ." " 7.6 
0.57 * = 10.2 
20 y thymine 0 
20 ¥ - + 25 y guanine chloride 1.4 
20 + es + 504 “ a 5.6 
20 4 “s + 100 4 - gz 5.2 
50 y guanine chloride 1.7 
50 4 ” - + 2+ thymine 1.7 
50 ¥ * “ss + 5By¥ 6 5.8 
Dy a +104 «“ 5.6 


Adenine, hypoxanthine, and xanthine were as effective as 
guanine as the purine component. Uracil or cytosine could not 
replace thymine. 

Snell and Mitchell’ have recently shown that both purine and 
pyrimidine bases are essential to or stimulate the growth of 
Lactobacillus arabinosus, Lactobacillus pentosus, and Leuconostoc 
mesenteroides. With these organisms uracil, cytosine, or thymine 
could serve as the pyrimidine base. 

William G. Kerckhoff Laboratories of the E. L. R. Sroxstap 
Biological Sciences 


California Institute of Technology 
Pasadena 
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* Snell, E. E., and Mitchell, H. K., Proc. Nat. Acad. Sc., 27, 1 (1941). 
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THE HYDROXYAMINO ACIDS OF SILK PROTEINS 
Sirs: 


The reaction! of periodic acid with B-hydroxy-a-amino acids 
according to Equation I has been shown to take place, under 


OH NH, O O 
! 1] 1] 


| | 1 il 
I. RCH—CH—CO.H + HIO, —~ RCH + NH; + CHCO,H 


suitable conditions, rapidly and quantitatively. And by the 
quantitative determination of the aldehydes formed, and of the 
ammonia liberated, rather good methods, valid for protein hydrol- 
ysates, have resulted for the estimation of serine, threonine,? and 
“total hydroxyamino acids,” 

These methods have been applied to a number of proteins, and 
the results will shortly be reported. But the results obtained on 
silk fibroin and silk sericin were so remarkable that immediate 
publication seemed desirable. 

The proteins were obtained from Dr. Milton Harris of the Tex- 
tile Foundation, National Bureau of Standards, and we wish to 
thank him for them. They were dried for some days in a vacuum 
desiccator before use. The results follow. 

Balance Sheet for Hydroxyamino Acids in Silk Fibroin 
Average serine 


equivalent 

per cent 

Total hydroxyamino acids (calculated as serine), 15.0, 14.7 14.85 
Serine found, 13.65, 13.7, 13.5, 13.45 13.57 
Threonine found, 1.43, 1.50, 1.66, 1.62, 1.48 1.36 
“Other’’ hydroxyamino acids 0.08 


Balance Sheet for Hydroxyamino Acids in Silk Sericin 


Total hydroxyamino acids (calculated as serine), 43.8, 43.8 43.8 


Serine found, 33.8, 34.0 33.9 
Threonine found, 10.02, 10.16 8.9 
1.0 


“Other”? hydroxyamino acids 


1 Nicolet, B. H., and Shinn, L. A., J. Am. Chem. Soc., 61, 1615 (1939). 
2 Shinn, L. A., and Nicolet, B. H., J. Biol. Chem., 188, 91 (1941). 
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We wish to make it clear that, so far as the results here reported 
go, any part of the “serine’”’ reported could be hydroxylysine, in 
equimolecular proportion. And, in view of the rather large 
quantities involved, we prefer to interpret the low values for 
“other hydroxyamino acids” as indicating agreement rather than 
disagreement. 

We do not know that any hydroxyamino acid other than serine 
has been reported as occurring in either of these proteins. For 
serine, the maximum figures reported (by the isolation method) 
have been 2.0 per cent for fibroin* and 6.81 per cent for sericin.‘ 

Subject to confirmation by others, which we think will present 
no difficulty, we have thus established new high values for serine, 
threonine, and “total hydroxyamino acids” in any protein. 
Division of Nutrition and Physiology Ben H. NIcoLet 

Bureau of Dairy Industry Leo J. SAIDEL 


United States Department of Agriculture 
Washington 
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3’ Abderhalden, E., and Spack, W., Z. physiol. Chem., 62, 131 (1909). 
‘Tiirk, W., Z. physiol. Chem., 111, 70 (1920). 
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THE EFFECT OF VITAMIN A INTAKE ON VITAMIN 
A CONTENT OF BUTTER FAT 


Sirs: 


The carotene and vitamin A content of butter varies with the 
season and with the carotene intake.' However, the maximum 
levels obtainable after carotene are limited by its rate of absorp- 
tion and speed of transformation to vitamin A. The use of cod 
liver oil to increase the vitamin A content of milk has been de- 
feated by the decline in milk fat due to its toxicity.2. As shark 


| Total vitamin A, 1. v. 





Supplement period 


, | No. of vi 
Dietary procedure | Basal | 
| on | diet; |——_— — . 
| ave 2nd | 3rd | 9th 15th 19th | 23rd 
jof 4 wks.) wk, | wk. | wk. | wk. | wk. | wk. 


- _ — | —— | —— eee | se 
Control; no supplement | 6 | 44 | 41 | 35 | 36| 55 | 31¢ 
Supplement Group I, 700,000 | 3 | | | 72 | 
1.U. throughout 
Supplement Group II,t| 3 39 | 69 | 62 | 64 | 113 | 172*| 170* 
1,400,000 i.v. after 11th 
wk. 











* Value on one animal only. 
+t Average for animals on Supplement Groups I and II (six cows) through 


the 9th week. 


liver oil, which is much higher in vitamin A and lower in vitamin 
D, offered promise, it was tested on twelve cows over a period of 
5 to7 months. During a preliminary basal period of 4 weeks, the 
basal level of vitamin A excretion was determined on the weekly 
samples. Analyses were made for carotene by the method of 
Koehn and Sherman? and for vitamin A with a Bills and Wallen- 
meyer photometer on butter fat obtained by churning pooled 


1 Baumann, C. A., and Steenbock, H., J. Biol. Chem., 101, 547 (1933). 


2 McCay, C. M., and Maynard, L. A., J. Biol. Chem., 109, 29 (1935). 
3 Koehn, C. J., and Sherman, W. C., J. Biol. Chem., 182, 527 (1940). 
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weekly samples of aliquots collected at each milking. After the 
preliminary period, Supplement Group I received 30 cc. of shark 
liver oil daily (700,000 1.v. of vitamin A) for the duration of the 
test (15 weeks), while Supplement Group II was fed the same dose 
for 10 weeks, followed by double the dose (1,400,000 1.v.) for the 
rest of the test (3 months with one cow). The accompanying 
table summarizes the results. 

Bioassay on the samples from the 19th week gave values of 
21 1.u. per gm. for the control and greater than 155 1.v. for the 
sample from the cow receiving 1,400,000 1.v. daily. No toxic 
symptoms were noted and the change in level of butter fat was 
similar in both groups. A considerable decrease in carotene ex- 
cretion occurred in cows receiving the shark liver oil. 

The milk production, which showed a gradual decline throughout 
the experiments owing to the lactation cycle, promptly rose in the 
animals receiving the vitamin A supplement and continued at a 
level approximately 10 per cent higher throughout the test. 
Likewise the level of butter fat rose slightly more after the vitamin 
A, the average increase per cow per week in the supplement group 
as compared with the control group being 599, 580, 507, and 794 
gm. for the 2nd, 3rd, 9th, and 15th weeks respectively. 


Department of Biochemistry Harry J. Devegt, Jr. 
University of Southern California NELLIE HALLIDAY 
School of Medicine Lois HALLMAN 
Los Angeles CORNELIA JOHNSTON 


ALBERT J. MILLER 
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THE ISOLATION OF /-SERINE FROM SILK FIBROIN 
Sirs: 

The amino acid /-serine has been isolated from protein hydroly- 
sates by several investigators; but in all cases the yields have been 
low, and the procedures impractical from a preparative stand- 
point. The method usually employed to obtain /-serine has there- 
fore been the resolution of the p-nitrobenzoyl derivative of the 
synthetic dl-amino acid over the quinine and brucine salts, by the 
procedure of Fischer and Jacobs. 

While investigating, with the aid of aromatic sulfonic acids, the 
products of the hydrolysis of silk fibroin, we have isolated sub- 
stantial amounts of /-serine as p-hydroxyazobenzene-p’-sulfonate. 
From this salt the free /-serine is readily obtained. 

Technically degummed Japanese silk was hydrolyzed with con- 
centrated hydrochloric acid and the mineral acid removed by 
means of vacuum distillation and lead acetate. After removal of 
free tyrosine, glycine was precipitated as 5-nitronaphthalene-1- 
sulfonate,? alanine as azobenzene-p-sulfonate, and the residual 
amounts of these sulfonic acids as barium salts. Addition of p- 
hydroxyazobenzene-p’-sulfonic acid precipitated /-serine hydroxy- 
azobenzene sulfonate. The salt was recrystallized twice from 
water. The yield was 34 gm. of salt (equivalent to 9 gm. of 
l-serine) per 100 gm. of silk. Free l/-serine was obtained by 
decomposition of the salt with barium acetate and the amino 
acid recrystallized once from water and alcohol. Yield, 75 per 
cent of the theory, calculated on the basis of the salt. 


C;H;O;N. Calculated. C 34.3,H 6.7, N 13.3 


Found. ** 34.4, “6.85, “‘ 13.4 
lalp = +13.85°, 10% in n HCI; la] 5 = —6.70°, 10% in water 


1 Fischer, E., and Jacobs, W. A., Ber. chem. Ges., 39, 2942 (1906). 
2 Doherty, D. G., Stein, W. H., and Bergmann, M., J. Biol. Chem., 135, 
487 (1940). 
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Fischer and Jacobs! reported [a];> = +14.45° and [a], = 
—6.83°. 

Although the yield of /-serine obtained in the above experiment 
exceeds any reported in the literature, it does not, of course, repre- 
sent the total amount of serine present in a silk fibroin hydrolysate. 
We have estimated the amount of ammonia liberated from a 
fibroin hydrolysate when treated with periodate according to the 
method of Nicolet and Shinn* and Van Slyke et al. It was found 
that 12 per cent of the nitrogen of silk fibroin is hydroxyamino 


acid nitrogen. 


Laboratories of The Rockefeller Institute for Medical WiLLiaM H. Srein 
Research STANFORD Moore 
New York Max BERGMANN 
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’ Nicolet, B. H., and Shinn, L. A., J. Am. Chem. Soc., 61, 1615 (1939). 
* Van Slyke, D. D., Hiller, A., MacFadyen, D. A., Hastings, A. B., and 
Klemperer, F. W., J. Biol. Chem., 133, 287 (1940 














MECHANISM OF FIXATION OF CARBON DIOXIDE IN 
THE KREBS CYCLE 
Sirs: 

Oxidation of pyruvate by the Krebs cycle involves its union 
with oxalacetate. Liver in contrast to certain other tissue oxi- 
dizes pyruvate in the absence of added C,-dicarboxylic acid. It 
was proposed ' ? that the Cy-dicarboxylic acid is synthesized in 
liver by the reaction of Wood and Werkman,’? C"O, + CH;- 
CO.-COOH = C®8OOH-CH,-CO-COOH. The isolation! of 
radioactive a-ketoglutarate, formed from pyruvate in the presence 
of radioactive sodium bicarbonate, proved that there is fixation 
of carbon by liver. 

We have determined the location of the fixed carbon in a- 
ketoglutarate by use of C"O,. The experimental procedure for 
the dissimilation of pyruvate was that employed by Evans and 
Slotin! except that sodium bicarbonate containing 9 per cent C™ 
was used. 30 ml. of medium were used in each of six 125 ml. 
Warburg flasks. The a-ketoglutarate was isolated from the de- 
proteinated solution by binding it with bisulfite, saturating the 
solution with magnesium sulfate, and removing the citric, malic, 
succinic, and fumaric acids by continuous ether extraction for 3 
days. The residue of extraction was freed from sulfite by boiling, 
extracted with ether for 24 hours, and the a-ketoglutarate was 
separated from the pyruvate by precipitation as the silver salt. 
The free acid was obtained by acid ether extraction. The titrat- 
able acidity was equivalent to 0.32 mM and the 2,4-dinitrophenyl- 
hydrazone (m.p. 223°, mixed m.p. 223°) 0.28 mm of a-ketoglutarate. 
The acid was oxidized with potassium permanganate to CO, 
and succinic acid, C8Q0OH-CO.CHsCH:-COOH = C®O, + 
COOH-.CH,-CH:-COOH. The C® content of the COs and suc- 
cinate was determined with the mass spectrometer. Succinate 

1 Evans, E. A., Jr., and Slotin, L., J. Biol. Chem., 186, 301 (1940). 

2? Krebs, H. A., and Eggleston, L. V., Biochem. J., 34, 1383 (1940). 

3 Wood, H. G., Werkman, C. H., Hemingway, A., and Nier, A. O., J. 
Biol. Chem., 189, 365, 377 (1941). 
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contained the natural complement of C™ (1.10 per cent), whereas 
the CO, contained a high concentration of C™ (2.20 per cent). 
These results prove that all the fixed carbon is in one carboxy] 
group of the a-ketoglutarate. A possible mechanism of formation 
of this acid is shown in the accompanying scheme. 


COOH CO, 
Co COOH + 
CH; Co COOH 

—H,O O . +H,0 
+ i; 2 CH, ry CH, 4 
OH C-COOH C-COOH 
C-COOH CH CH 
CH C%00H C®8OOH 


C®00H 


COOH COOH 
CH, CH, 
. —92H ° 
HC-COOH > HCH + CO, 
HOCH OC 
C“00H C*0O0OH 


The position of the fixed C™ in the a-ketoglutarate is in agree- 
ment with its derivation from pyruvate and oxalacetate, the 
initial fixation of CO, being in the oxalacetate. The results 
clearly indicate that citrate is not an intermediate, for, if a-keto- 
glutarate was derived from a symmetrical molecule, the fixed 
carbon would be equally distributed in the two carboxyl groups. 
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INOSITOL: A LIPOTROPIC FACTOR 
Sirs: 

It was reported by us last year that feeding a beef liver frac- 
tion to rats causes the production of acutely fatty livers containing 
large amounts of cholesterol. The production of these fatty 
livers is only slightly affected by giving choline but is completely 
prevented by the simultaneous administration of lipocaic. Using 
a procedure similar to that for the preparation of lipocaic, we 
have prepared extracts from liver, pancreas, kidney, muscle, 
wheat germ, yeast, and rice polishings and have found that these 
are all effective in preventing this type of fatty liver in rats. It 
has been reported by us that the same kind of fatty liver can be 
produced by supplying rats with biotin in conjunction with thia- 
mine, riboflavin, pantothenic acid, and pyridoxine. 

In studies on the prevention of the “biotin” type of fatty liver 
in rats we have fed inositol. This substance prevents the de- 
velopment of the acutely fatty liver and the accumulation of 
cholesterol in the liver. The prevention of the fatty liver has 
been secured in three series of animals, in each of which groups of 
ten rats have been employed. In these experiments on rats the 
action of inositol thus resembles that of lipocaic. 
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